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A B S T R A C T

When plastics accumulate in the terrestrial environment, they undergo weathering, which alters their properties 
and causes them to fragment into micro- and submicron plastics. Although various analytical methods exist to 
study these processes, a comprehensive overview of their application and the alterations of plastics under field 
conditions across different terrestrial systems is missing. This review summarises analytical approaches for 
assessing surface, structural, chemical and mechanical changes in weathered plastics, focusing on scanning 
electron microscopy. We examine plastic alterations in short-term (e.g., composting, wastewater treatment) and 
long-term (e.g., landfills, soils) systems. As sample treatment can substantially alter analyses, we provide rec
ommendations for assessing these changes. Plastic weathering leads to significant, but comparable, changes 
across terrestrial systems, with plastic properties as key influencing factors. While most data come from landfill 
studies, research in soils remains limited. Understanding long-term weathering is essential for evaluating the 
environmental fate of plastics, emphasizing the need for extended studies in diverse terrestrial environments.

Abbreviations

AFM Atomic Force Microscopy
2D-COS Two-Dimensional Correlation Spectroscopy
AES Auger Electron Spectroscopy
Al Aluminium
Al2O3 Aluminium (III) oxide
AOP Advanced oxidation process
As Arsenic
Au Gold
Ba Barium
Be Beryllium
BET Brunauer-Emmett-Teller
BOPP Bi-Oriented Polypropylene
Br Bromine
C Carbon
C––C Carbon-carbon double bond
C––O Carbonyl group
Ca Calcium
Cd Cadmium
CH––CH2 Vinyl group
CH2 Methylene group
CH3 Methyl group
CI Carbonyl index
Cl Chlorine
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CLSM Confocal Laser Scanning Microscopy
Co Cobalt
C–O Carbon–oxygen bond
CO2 Carbon dioxide
C–O–C Ether group
Cr Chromium
CT X-ray Computed Tomography
Cu Copper
DSC Differential Scanning Calorimetry
EDX Energy-Dispersive X-ray Spectroscopy
Fe Iron
F Fluorine
FTIR Fourier Transform Infrared Spectroscopy
GPC Gel Permeation Chromatography
H2O Water
HDPE High-density Polyethylene
HI Hydroxyl index
IR Infrared
K Potassium
LDPE Low-density Polyethylene
LIBS Laser-Induced Breakdown Spectroscopy
LLDPE Linear Low-density Polyethylene
Mg Magnesium
Mn Manganese
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MP Microplastic
MS Mass Spectrometry
N Nitrogen
Na Sodium
N–H Nitrogen hydrogen group
NIRS Near-Infrared Spectroscopy
NMR Nuclear Magnetic Resonance Spectroscopy
O Oxygen
O/C Oxygen/Carbon
O–H Hydroxyl group
OM Optical Microscopy
Os Osmium
P Phosphate
PA Polyamide
Pb Lead
PBS Phosphate-buffered saline buffer
PE Polyethylene
PET Polyethylene terephthalate
PP Polypropylene
PS Polystyrene
Pt Platinum
PU Polyurethane
PVC Polyvinyl chloride
ROS Reactive oxygen species
Ru Ruthenium
S Sulphur
SEM Scanning Electron Microscopy
Si Silicon
SiO2 Silicon dioxide
Sn Tin
TEM Transmission Electron Microscopy
TGA Thermogravimetric Analysis
Ti Titanium
UV Ultraviolet
UV–Vis Ultraviolet–Visible
WCA Water Contact Angle
WWTP Wastewater treatment plant
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction
XRF X-ray Fluorescence Spectroscopy
Zn Zinc
ZnCl2 Zinc chloride

1. Introduction

In recent years, plastic production has increased exponentially, from
1.5 million tonnes in 1950 to 413.8 million tonnes in 2023 [1,2]. A rise 
in waste generation has accompanied this increase in production. Only a 
small proportion of plastic waste is recycled, while the majority ends up 
in landfills or the environment [3,4]. Once plastics enter the environ
ment, their persistence leads to an accumulation in various environ
mental systems. There, they are exposed to a variety of processes, that 
can alter their ecological impacts and environmental fate [5]. These 
processes - collectively termed degradation, alteration, ageing or 
weathering - describe changes in the properties of plastics. Noteworthy, 
fixed terms like ‘ultraviolet (UV) degradation’ or ‘biodegradation’ used 
in many studies do not describe a complete degradation or mineralisa
tion, i.e., the breakdown into small molecules, mainly carbon dioxide 
(CO2) and water (H2O) [6], but rather a weathering of plastics. Also the 
term ageing, in soil science defined as the decrease of extractability of, e. 
g., pollutants with increasing residence time in soil [7–9] is in many 
studies used to describe plastic alterations (recently summarised in He 
et al. [10], Wang et al. [11] and Lu et al. [12]). To avoid mis
understandings, we will use the term weathering or alteration to 
describe changes of plastic particles, like their surface or structure, 
except for fixed terms like UV degradation or biodegradation.

Plastic weathering can be divided into abiotic and biotic processes. 
Abiotic processes involve interactions between the polymer and physi
cochemical agents, resulting in photodegradation, hydrolysis, oxidation 
or thermal weathering. These processes typically increase the surface 

area of plastics, fostering biodegradation through the activity of (micro) 
organisms [13,14]. The complex interplay of abiotic and biotic weath
ering processes, which depends on the specific environmental condi
tions, ultimately leads to the fragmentation of larger plastics into smaller 
particles, such as microplastics (MPs) (1 μm–5 mm) and submicron 
plastics (1 nm-1 μm) or even nanoplastics (1 nm–100 nm) [15,16].

A range of analytical methods, including microscopic, spectroscopic, 
and thermoanalytical techniques, is used to study plastic weathering in 
the environment, assessing changes in surface morphology, structural 
integrity, mechanical properties, and chemical composition (recently 
reviewed in Shi et al. [17] and Tian et al. [18]). However, despite the 
widespread use of techniques like scanning electron microscopy (SEM), 
significant uncertainty remains regarding their implementation and 
standardization. This includes variations in pre-treatment methods such 
as plastic extraction and fixation, as well as differences in SEM settings. 
Evaluating the effects of these factors is essential to ensure the compa
rability of SEM-based studies.

To understand the fate of plastics in the environment, acquiring a 
more profound understanding of their weathering is critical. Zhang et al. 
[5] and Andrady et al. [15] recently summarised the weathering pro
cesses in the marine environment, highlighting that a significant pro
portion of fragmented plastics found in marine environments likely
originated from land-based sources. In addition, both studies point out
the challenges of extrapolating laboratory weathering data to real-world
environmental conditions due to the complexity and variability of nat
ural environments. Binda et al. [13] and Wang et al. [11] just recently
reviewed different weathering processes of plastic in the environment,
focusing on laboratory studies under accelerated simulated conditions.
These studies summarised commonly used artificial ageing methods,
elucidate the underlying mechanisms, and evaluate their effects on
plastic properties and implications for MP analysis. Laboratory studies
are important for estimating polymer lifetimes but fail to capture the
complexity of real-world environmental conditions and often describe
only a very short exposure period, not accounting for long residence
times in landfills or soils [11,16]. However, a detailed understanding of
how plastics alter in the terrestrial environment - one of the largest
global reservoir of plastics [19]- under real conditions is still missing, as
well as an overview on how this weathering may differ between single
systems.

In the terrestrial environment, plastics accumulate in various sys
tems where they undergo weathering. These systems can be categorized 
based on their residence time: long-term reservoirs, such as landfills and 
soils, and short-term reservoirs, such as composting, digestion, and 
wastewater treatment facilities. Landfills remain the most common 
method of waste disposal, accounting for nearly 40 % of global waste 
[20,21]. Consequently, significant quantities of plastics are intentionally 
stored in these sites [22]. In soil, plastics are introduced through several 
input pathways, including agricultural practices such as sludge and 
compost application and the intentional use of plastics, termed “plasti
culture”. But also, diffuse sources such as littering, atmospheric depo
sition or flooding contribute to the plastic loads of soil [23]. Hence, in 
most cases, plastic items are already pre-altered during composting, 
digestion and water treatment before reaching soil where they undergo 
further weathering. Plastics, entering composting and digestion facil
ities, mainly originate from the improper disposal of waste [24,25]. 
Wastewater contains high concentrations of plastics from a variety of 
sources. Depending on the properties of the plastic and the wastewater 
treatment processes, they may either accumulate in sewage sludge or 
remain in the treated wastewater [26]. Additionally, plastics may un
dergo weathering during transportation or their service life before 
reaching these short-term systems. The extent and types of the respec
tive weathering processes depend on the properties of the specific 
compartment and the duration of the plastic’s residence time.

Accordingly, this review aims to (i) summarise current methods for 
characterising the effects of weathering on plastics in the environment, 
with particular emphasis on SEM, and (ii) elucidate the weathering 
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2. Literature search, selection and data extraction

The final literature search was conducted in March 2025, in Web of
Science using the words ’plastic’ and ’microplastic’ in combination with 
the respective environments and the keywords ’degradation’, ’biodeg
radation’, ’corrosion’, ’alteration’, ’surface change’, ’modification’, 
’ageing’ and ’weathering’. Studies were included if they were conducted 
under real environmental conditions, such as natural soils, industrial 
composting, biogas and wastewater treatment plants, as well as landfills 
actually used for waste treatment. Studies conducted under artificial 
conditions or at a laboratory scale were excluded. No specific size pa
rameters were set, so all studies describing changes in, e.g., micro
plastics, mesoplastic and macroplastics were included. The polymers in 
scope were the most commercially relevant conventional plastics: PE, 
PP, PET, PVC, PA, PS and PU, which account for nearly 75 % of all 
plastics produced globally in 2023 [2]. Polymers with non-common, 
specific additives were not considered. To focus on real environmental 
settings, also artificially pre-weathered plastic particles, for example, 
with UV radiation or heat and blends of the polymers were excluded in 
this review. As a result, a total of 70 studies were reviewed.

3. Results & discussion

3.1. Methods used to describe the weathering of plastics in the terrestrial 
environment

A total of 19 different methods were used to assess the weathering of 
plastics in the terrestrial environment (Fig. 1). Most of the analyses 
focused on surface (43 %) and chemical changes (38 %) of plastics after 
environmental exposure (Fig. 1). Structural or mechanical properties 
were analysed less frequently, 9 % and 10 % respectively. Above all, 
scanning electron microscopy (SEM) and Fourier transform infrared 
spectroscopy (FTIR) proved to be the most common methods. Notably, 
most studies employed a multimodal approach, combining different 
methods to analyse chemical and surface properties, such as FTIR and 
SEM. Additionally, surface characterization was often enhanced by 
coupling SEM with energy-dispersive X-ray spectroscopy (EDX), 
contributing to its widespread use.

Before weathering analysis, 89 % of the studies provided details on 
the extraction and cleaning of the plastics analysed. Of these, only 37 % 
used a gentle extraction and cleaning process that involved manual 
removal of plastics followed by rinsing with tap water, distilled water or 
ultrapure water and, if necessary, ultrasound or shaking. In contrast, 63 
% of the studies analysed plastic particles that had undergone MP 
extraction, including density fractionation and/or approaches for 
organic matter removal. These extraction methods, however, can alter 
surface properties, modify FTIR spectra, alter mass and molecular 
weight distributions, and contribute to plastic fragmentation, depending 
on the type of plastic [27–29]. As a result, studies examining the 
weathering of such extracted particles may overestimate the effects of 
environmental weathering. To ensure accuracy, researchers should 
compare extracted particles with pristine plastic particles subjected to 
the same extraction methods, if possible.

To minimise the effects of extraction, it is important to carefully 

Fig. 1. Frequency (given as number of studies) of methods used to analyse weathering of plastic particles exposed in terrestrial systems, including analyses focusing 
on surface (green), chemical (blue), structural (orange) and mechanical (pink) alterations of plastics. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)

processes of plastics in both natural and artificial terrestrial systems in 
the terrestrial environment (excluding laboratory-scale studies as they 
have been recently summarised by Binda et al. [13] and Wang et al. 
[11]). Terrestrial systems include long-term systems (landfills and soils) 
and short-term systems (composting and digestion facilities, wastewater 
treatment plants). The focus is on the most commercially relevant 
plastics: polyethylene (PE), polypropylene (PP), polyamide (PA), poly-
styrene (PS), polyvinyl chloride (PVC), polyurethane (PU) and poly-
ethylene terephthalate (PET) [2].



alter their structure by significantly changing their physicochemical 
surface properties, especially in weathered particles. a) Chemical 
changes occur when stains react with surface functional groups or 
embed themselves, especially in weathered particles whose surfaces are 
more reactive. b) Physical changes include swelling, surface roughness, 
or deformation of sensitive polymers like PE or PS, with weathered 
particles being more susceptible due to cracks or porous structures. c) 
Changes in surface charge and wettability happen as weathered parti
cles, often containing more polar groups, interact more strongly with 
stains. d) Material dependence is evident as hydrophilic plastics like PA 
are more sensitive, but weathered hydrophobic plastics like PE can also 
be significantly affected due to new polar groups. Special care is 
required for MPs as their small size, large surface area, and weathering 
make them highly susceptible to chemical and physical changes. Mild 
staining protocols, such as low concentration, short duration, and 
moderate temperature, should be used to preserve particle integrity and 
ensure accurate results [49].

Depending on the type of SEM, sample preparation may also involve 
coating the sample with heavy elements such as gold (Au), platinum (Pt) 
or chromium (Cr) to reduce charge and electron beam damage (Table 1). 
Alternatively, carbon (C) coating is often preferred for plastics as it 
minimises X-ray absorption by heavy metals and increases the X-ray 
quantum yield for EDX while remaining negligible for plastics analysis 
[50]. Of the reviewed articles, 51 % of the studies described the sample 
preparation methods used (Table 1).

In an SEM, primary electrons (electron beam) are emitted from the 
electron source (cathode), accelerated by a voltage commonly in the 
range of 0.05–30 kV between the cathode and anode, pass through a set 
of electromagnetic lenses/coils and are focused to a small spot (typical 
sizes: 1 μm to 1 nm) on the surface of the sample [48]. When the electron 
beam hits the surface, secondary (low energy (<50 eV)) and back
scattered (high energy (>50 eV)) electrons are emitted together with 
Auger electrons, cathodoluminescence and characteristic X-rays during 
interaction with and penetration into a sample [48]. The emitted X-rays 
provide information about the local elemental composition of the sam
ple and are used in EDX. EDX is a spectroscopic technique that enables 
qualitative or quantitative elemental analysis of a selected region and 
facilitates the mapping of elemental distributions in conjunction with 
SEM imaging. [47]. Of the 61 studies using SEM, 27 combined it with 
EDX (Table 1). However, only limited information was provided on the 

Table 1 
Sample treatment and SEM settings in the reviewed studies.

Parameter Nr. of 
studiesa

Examples

Preparation 30/61 Dehydration in ethanol
Critical point drying
Phosphate-buffered saline buffer and a fixative 
solution (PBS buffer and glutaraldehyde)
Removal of biofilm with a sterile physiological 
solution
Fixes on carbon tape, graphite, conductive silver
Surface coating (Au, Pt, C, Au–Pd) with a 
thickness 2–30 nm

SEM- Device 49/61 SEM, FESEM, ESEM from various companies: 
ZEISS, FEI, Hitachi, TESCAN, ThermoFisher, 
Phillips, JEOL, KYKY

SEM-Voltage 47/61 Acceleration voltage of 1–30 kV, most 5, 10, 20 
kV

SEM- Detector 24/61 SE1, SE2, BSE, InLens
Pixel size/ 

Magnification
30/61 2867–19.11 nm

​ ​ 35-12000 x
EDX-Device 8/27 EDX detectors from Horiba and Oxford 

instruments
EDX-Voltage 3/27 5, 14, 15 kV

a Number of studies: first number relates to studies that give information 
regarding this parameter; last number refers to the total number of studies.

consider whether extraction is necessary and, if so, to select the least 
invasive method. For larger plastic particles, extraction is usually un-
necessary as they can be sorted manually. This is also true for controlled 
experiments, where plastics are often secured in holders [30], containers 
[31] or mesh bags [32]. However, even cleaning procedures such as, 
acetone treatment can cause material changes that need to be carefully 
considered [33]. Where extraction is necessary, particularly for smaller 
particles such as MPs, researchers should avoid corrosive substances and 
oxidative chemicals [34]. Instead, they should opt for less aggressive 
alternatives, such as potassium formate solutions or enzymatic diges-
tion, to preserve the integrity of the plastic and ensure accurate analysis 
[35,36]. However, it is important to note that elements in density so-
lutions can interfere with subsequent elemental analyses, as the use of 
Zinc chloride (ZnCl2) might increase the Zinc (Zn) levels on the plastic 
surface and hence falsify SEM-EDX results [37].

3.1.1. Optical microscopy (OM
Optical microscopy was a commonly applied technique in the 

reviewed studies (16 times), in which light from a source is focused onto 
a specimen (Fig. 1). Optical microscopes typically provide magnifica-
tions of up to 1000×, depending on the lens used, with some advanced 
systems providing even higher magnifications [38]. Several advanced 
techniques, such as polarization, phase contrast, dark-field, fluorescence 
and differential interference contrast microscopy, can be applied to 
enhance imaging [39]. When describing the weathering of plastics, 
optical microscopy was used to assess a range of features, including 
surface characteristics, textural changes, microbial colonisation and the 
attachment of organic and inorganic materials [40,41] (Fig. 1 and 
Tables 2–5). A more advanced optical-microscopic technique is Confocal 
Laser Scanning Microscopy (CLSM), in which a focused laser beam is 
employed and scanned across the sample surface, creating 
high-resolution, optically sectioned images. Image quality and contrast 
are enhanced by eliminating out-of-focus light, while stimulated emis-
sion depletion microscopy and structured illumination microscopy 
provide even higher resolutions [42,43]. CLSM has mainly been used to 
study fungal and microbial growth patterns, as well as biofilm formation 
on plastics after exposure in terrestrial environments [33,44]. In addi-
tion, CLSM can assess material homogeneity by examining layer struc-
tures and detecting inhomogeneities in coated or multilayer plastics, 
reconstruct three-dimensional structures of plastic samples, and visu-
alize colour distributions, additives, or fluorescently labelled contami-
nants in fluorescence studies [45].

3.1.2. Scanning electron microscopy (SEM
Scanning electron microscopy is the most widely used method (61 

studies) for assessing the weathering of plastics (Fig. 1 and Tables 2–5), 
as it can provide information on the surface topography, crystalline 
structure, chemical composition and electrical behaviour of a sample 
with a resolution up to 1 nm [46,47]. Because of its crucial role in the 
analysis of weathered plastics, we reviewed the studies regarding 
pre-treatments, SEM equipment and settings, detectors and magnifica-
tions used in more detail (Table 1) and concluded about the implications 
for surface analysis.

To conserve surface structures, such as biological attachments (e.g., 
microbial colonisation), samples often underwent a special treatment, 
like dehydration in ethanol or critical point drying (Table 1). Several 
preparation methods can be applied to study plastic samples in more 
detail. Breaking and etching are typical methods used to assess the 
morphology of polymer blends [48]. Staining improves the ability to 
assess the weathering of plastics in greater detail by increasing the 
contrast in imaging techniques. Heavy atoms, such as osmium (Os) and 
ruthenium (Ru), selectively bind to specific phases of the resin, 
enhancing the signals in SEM or transmission electron microscopy 
(TEM) due to their higher atomic numbers. This allows for enhanced 
visibility of microstructural and chemical changes [48]. Additionally, 
staining can stabilize plastics for electron microscopy, but it may also 



Landfills Country Polymers Methods Analysis Study

Samples were buried 1.2 m below the landfill 
surface. Sampling was carried out after 2, 4, 6, 9, 
13, 18 and 24 months of exposure.

USA LDPE, LLDPE, HDPE, PP Universal testing 
machine, weighing 
scale

• Weight change [56]
• tensile strength at break
• percentage elongation

30 waste samples were collected from 4 municipal 
solid waste landfills at depths between 5 and 
55 m. The samples were grouped according to 
age: <10 years (7 samples) and >10 years (23 
samples).

UK PE, PP ESEM-EDX, FTIR, DSC • Surface analysis [132]
• CI
• Degree of crystallinity

Leachate samples were collected from 10 landfills 
ranging in age from 4 to 24 years.

China Various polymer types found, 
SEM-EDX for PVC

SEM-EDX • Surface analysis [143]
• Elemental analysis

Samples were taken at a depth of 20 cm at two 
different locations in a controlled landfill.

Brazil No info about the analysed 
polymer type

OM, SEM, • Surface analysis [133]

Topsoil samples were collected from two landfill 
sites in Siaya Central. In addition, topsoil 
samples were collected from a roadside in 
Mbaga village, the Ramba marketplace and a 
courtyard in Aringo Estate (see Table 5).

Kenya – SEM, OM • Surface analysis [44]

Sampling was carried out in cell compartments 
covering the age of the landfill from 7 to 31 
years. Samples were collected at depths of 2, 4 
and 8 m. Collected samples were divided into 6 
groups according to their age: <10, 10–15, 
15–20, 20–25, 25–30, >30 years.

China Various polymer types found. 
SEM, XPS and WCA of no 
specific polymer type. FTIR of 
PE, PP, and PS.

SEM, FTIR, XPS, WCA 
measuring device

• Number of MPs’ [84]
• Surface analysis
• Generation rate of MPs for different 

plastics
• Changes in WCA
• Changes in FTIR spectra
• CI
• Analysis of C1s spectra

Samples were taken from a practical landfill in 
Shanghai after 10 years of landfilling.

China PE SEM, AFM, FTIR, GPC • Changes in FTIR spectra [61]
• Surface analysis and surface 

roughness
• molecular weight distribution

Samples were buried for 11 months at a depth of 
2 m in a 5 year old cell (methanogenic phase) of 
a solid waste landfill.

Brazil PP OM, FESEM, FTIR, DSC, 
TGA, weighing scale

• Changes thermal behaviour and 
melting temperature

[73]

• Changes in FTIR spectra.
• Changes in isotacticity
• ketone CI, methylene group index
• Surface analysis

Stratified random sampling was used and the site 
was divided into three strata: stratum 1 (area 
with oldest waste), stratum 2 (monsoon 
dumping) and stratum 3 (current dumping). 
And further divided according to age: ⩾25 years, 
20–24 years, 15–19 years, 10–14 years, 5–9 
years and ⩽4 years.

India Various polymer types found, 
but analysis for LDPE

SEM-EDX, FTIR, • Surface analysis [140]
• Elemental analysis
• CI
• Changes in FTIR spectra

Collection of leachate samples from a landfill 
receiving 500 tonnes of municipal solid waste.

Iran Various polymer types found, 
but no information about 
analysed polymer

SEM-EDX • Surface and elemental analysis [134]

Sampling from a closed section of a landfill for 
municipal solid waste. The site has not received 
waste for at least 5 years.

Poland PP SEM, OM, FTIR, DSC • Surface analysis and evaluation of 
microorganism colonisation

[33]

• Changes in FTIR spectra
• CI and HI
• Size of plastic particles
• Degree of crystallinity, melting 

temperature and DSC thermogram
A total of 15 film samples were taken, with 3 

samples per colour: black, white, red, green and 
yellow.

Italy PE ESEM-EDX, FTIR, 
Raman, DSC, XRF

• Differences in FTIR spectra [98]
• DSC thermogram, melting peaks
• Differences in Raman spectra
• Surface and elemental analysis
• XRF*: although the authors mention 

XRF, they do not present any result 
using XRF or mention it on methods 
section

Samples were collected from a leachate treatment 
plant (3 raw leachate, 6 leachate ponds and 3 
treated leachate samples, respectively)

Bangladesh Various polymer types found; 
no information about the 
analysed polymer

SEM • Surface analysis [137]

Samples were taken from different depths in a 
municipal waste landfill. The age of the samples 
was 1.5, 5, 7.5, 30, 50 and 60 years.

Poland PE, LDPE, HDPE, LLDPE FTIR, DSC, SEM, OM • Surface analysis and evaluation of 
microorganism colonisation

• Crystallinity
• Changes in FTIR spectra
• CI and HI

[139]

Samples in mesh bags were incubated for 5, 9, 14 
months at a depth of approximately 1 m in the 
slope of a 5–8-year-old landfill.

Germany PE, PP, PS, PA, PET SEM, OM • Surface analysis and evaluation of 
microorganism colonisation

[32]

Sampling was carried out in three cells of different 
ages for a regional non-hazardous waste landfill: 
old (years 1973–2000), middle-aged (years 

Lithuania Various polymer types found, 
FTIR analysis for PE

FTIR • Number of particles [146]
• CI

(continued on next page)

Table 2 
Reviewed studies for landfills.



EDX detectors (30 % of studies) and the applied voltages (11 %) 
(Table 1). Cathodoluminescence detection has been utilised in the past 
for the identification of various types of plastic, as well as to evaluate the 
presence of dyes, additives and contaminants [51,52]. However, this 

method was not applied in the reviewed studies. Several types of SEMs 
are available, which differ in their electron source, including tungsten 
filaments, lanthanum hexaboride cathodes and field emission guns, or in 
their electron optics, such as potential tubes and immersion lenses. 

Table 2 (continued )

Landfills Country Polymers Methods Analysis Study

2000–2008) and young (2008-present). Three 
replicate samples were taken every 2 m to a 
depth of 10 m in the old, up to 20 m in the 
middle-aged and up to 14 m in the young 
section.

Leachate and refuse samples were collected from a 
landfill in China at depths of 0.5, 1 and 1.5 m. 
The landfill was divided into different zones 
according to the age of the landfill: young (<3 
years), middle-aged landfill (~10 years) and old 
landfill (>20 years).

China Various polymer types found, 
OM of no specific polymer type 
and FTIR analysis of PE

FTIR, OM • Number of particles [144]
• Changes in FTIR spectra and CI

Sampling was carried out in a municipal soild 
waste landfill. The age of the excavated waste 
was 0, 4, 8, 13 and 18 years.

China Various polymer types found; 
FTIR, SEM-EDX and Universal 
testing machine of PE, PP and 
PET

FTIR, SEM-EDX, 
Universal testing 
machine

• Changes in FTIR spectra [142]
• CI
• Surface and elemental analysis
• Tensile tests

Leachate and landfill waste were collected at a 
depth of 4.5–14 m.

China Various polymer types found. 
FTIR of PE, SEM no info

SEM, FTIR • Number of particles [135]
• Surface analysis
• Changes in FTIR spectra

Sampling at a depth of 2 m in a municipal waste 
landfill (age 7–30 years).

China Various polymer types found; 
Analysis for PE and PP

SEM-EDX, FTIR, DSC, 
Universal testing 
machine, WCA 
measuring device

• Changes in FTIR spectra [85]
• CI and HI
• Surface and elemental analysis
• Number of particles
• Changes in DSC thermogram, 

melting temperature and degree of 
crystallinity

• Evaluation of failure load, tensile 
strength and elastic modulus

• WCA
A total of 20 mineralised waste and 23 leachate 

samples were collected from a landfill, which 
was divided into four zones according to the age 
of the landfill, with landfill ages of 9–10 years, 
5–6 years, 1–3 years and <1 year.

China Various polymer types found; 
FTIR of PE

FTIR • Number and size of particles [147]
• Changes in FTIR spectra and CI

A total of 10 samples from the leachate treatment 
plant (4 anaerobic pond leachates, 3 aerobic 
pond leachates and 3 discharge leachates) of a 
municipal solid waste landfill were taken.

Bangladesh Various polymer types found, 
but no information about 
analysed polymer

SEM • Particle number [136]
• Surface analysis

Table 3 
Reviewed studies for composting and digestion.

Composting/Digestion conditions Country Polymers Methods Analysis Study

Composting of a mix of digestate (from organic 
waste) and raw organic waste for 28 days. 
Anaerobic digestion of organic waste for 24 days at 
a temperature of 41.1 ± 1.0 ◦C.

Germany LDPE SEM-EDX weighing 
scale, FTIR, NIR, DSC, 
Universal testing 
machine

• Surface and elemental analysis
• Changes in FTIR and NIRS spectra
• Degree of crystallinity and melting peak
• Evaluation of elastic modules, tensile 

strength at yield tensile strength stress at 
break, strain at break and elongation at 
break

[30]

Industrial tunnel composting of organic household 
waste (286 t) for 25 days with temperatures of up to 
70 ◦C.

Germany PP SEM, FTIR, X-ray CT • Surface analysis
• Structural changes
• Changes in FTIR spectra and CI

[31]

Composting of pre-treated (manual sorting, crushing 
and pressing) rural domestic waste for 35 days in 
aerobic bins with forced ventilation and 
overturning. Samples were taken at two stations:

China Various polymer types 
found; no information 
about the analysed 
polymer

SEM • Number and size of particles
• Surface analysis

[162]

Open windrow composting of green waste with 
natural aeration and periodic reloading for 8 
months.

Lithuania HDPE, LDPE, PS, PP SEM, FTIR, weighing 
scale

• Number of particles
• Weight change
• Changes in FTIR spectra

[106]

Sampling in municipal composting yards of two cities 
in India.

India Various polymer types 
found; no information the 
analysed polymer

SEM • Surface analysis [165]

Sampling of three composting and two digestion 
facilities.

China Various polymer types 
found; SEM and OM of PE, 
PP, PET

OM, SEM • Number and size of particles
• Surface analysis

[164]

Analysis of municipal solid waste (MSW) compost, 
issued from the composting of the residual fraction 
of household waste after packaging sorting.

France – TEM-EDX • Surface, morphological and elemental [58]



Specialised systems, such as environmental SEMs, operate under low 
vacuum (10 to several thousand Pa) and often use water vapour or ni
trogen (N) to mitigate sample charging and protect sensitive samples 
from high vacuum [47,48].

Monte Carlo simulations, along with the Kanaya-Okayama formula, 
are valuable tools for estimating electron penetration depth and tra
jectory [48,53,54]. Monte Carlo simulations [54] demonstrated that the 
elemental composition and density of the plastics (Fig. 2 and Table S1) 
significantly influence lateral and axial electron propagation, as well as 
backscattered electron generation, at the same acceleration voltage.

Furthermore, SEM settings significantly impact the resulting images. 
One critical parameter influencing the penetration depth and the signal 
contribution from both surface and subsurface layers is the applied ac
celeration voltage, which ranged from 1 to 30 kV in the reviewed studies 
(Table 1). Commonly applied voltages include 5, 10, and 20 kV, each 
affecting the charging effects on the sample and the efficiency of sec
ondary electron detection. Lower voltage settings (1–5 kV) are ideal to 
minimise damage and charge build-up, while higher voltages (10–20 
kV) offer deeper penetration for bulk analysis but can cause more charge 
effects and less surface detail (Fig. 3) [50].

Coatings are essential for preventing charge effects, with their 
impact depending on material and thickness. For example, increasing 

the thickness of the gold coating reduces the penetration depth for the 
same acceleration voltage. Additionally, coating materials influence 
signal yield due to differences in atomic number (Fig. 3). As well as 
possible charging effects due to differing conductivities (Fig. 4).

Acceleration voltage and coating are critical to the accuracy of EDX 
analysis. At 1 kV, EDX is severely limited as the electrons lack the energy 
to ionise inner shells, although light elements remain detectable due to 
reduced background radiation. A 5 kV acceleration voltage allows a 
wider range of elements to be detected while maintaining an acceptable 
sample charge. To ensure accuracy, a ~5 nm C coating provides con
ductivity without interfering with detection (Fig. 4). At 5 kV elements 
from beryllium (Be) to calcium (Ca) can be reliably measured, with light 
elements (e.g., C, N, oxygen (O), fluorine (F), sodium (Na), magnesium 
(Mg) and aluminium (Al)) being optimally detectable and medium 
heavy elements (e.g., silicon (Si), phosphate (P), sulphur (S), chlorine 
(Cl), potassium (K) and Ca) being analysable with slightly reduced 
sensitivity. Carbon coating is preferred for accurate analysis, while gold 
is unsuitable as it masks C signals and introduces artefacts into the EDX 
spectra.

Common challenges in interpreting SEM-EDX data include charging 
artefacts and image drift, which can distort image and spectral data 
(Figs. 3 and 4). To minimise radiation damage, high beam currents and 

Sludge/WWTP Country Polymers Methods Analysis Study

Sampling during three different days in three different 
months at a WWTP in Spain.

Spain Various polymer types found; FTIR of PE 
and PP

FTIR • Number and size of particles
• Changes in FTIR spectra

[178]

Samples were taken from the influent, effluent treated by 
lamellar settling and the treated effluent of a WWTP in 
Morocco.

Morocco Various polymer types found; no 
information about the analysed polymer

SEM-EDX • Particle number
• Surface and elemental 

analysis

[191]

A total of 99 samples taken from the influent, effluent and 
sludge of eleven wastewater treatment plants.

Bangladesh Various polymer types found; no 
information about the analysed polymer

SEM • Number of particles
• Surface analysis

[177]

Samples were collected from the influent, grit chamber, 
primary sedimentation, aeration, secondary 
sedimentation and final effluent units of the WWTP for 1 
month in spring and winter and analysed after mixing.

Iran Various polymer types found; no 
information about the analysed polymer

SEM • Particle number
• Surface analysis

[181]

A total of 79 dewatered sludge samples from 28 WWTPs in 
11 provinces in China were analysed.

China Various polymer types found; no 
information of the analysed polymer

SEM • Number of particles
• Surface analysis

[180]

Sludge samples were collected from municipal wastewater 
treatment plants in 4 cities in China. Sludge samples were 
analysed before and after anaerobic digestion (AD), 
thermal drying (TD), thermal hydrolysis (TH) and from 
five stages (initial phase, heating phase, thermophilic 
phase, cooling phase and maturing phase) of aerobic 
composting (AC).

China Various polymer types found; FTIR of 
PA, PE, PP, PS; Specific surface area for 
PA, PE, PP, PS; SEM of unknown 
polymer,

FTIR, SEM, 
BET device

• Metal adsorption
• Surface analysis
• Specific surface area
• Changes in FTIR spectra 

(Two-Dimensional 
Correlation Spectroscopy)

[64]

Sludge samples were collected from municipal wastewater 
treatment plants in 4 cities in China. Sludge samples were 
analysed before and after anaerobic digestion (AD), 
thermal drying (TD), thermal hydrolysis (TH) and from 
five stages (initial phase, heating phase, thermophilic 
phase, cooling phase and maturing phase) of aerobic 
composting (AC).

China Various polymer types found; no 
information about the analysed polymer

FESEM-EDX • Number of particles
• Surface and elemental 

analysis

[185]

Samples were taken from the effluent from intake, effluent 
from grid, effluent from oxidation ditch, effluent from 
secondary sedimentation tank, effluent from deep 
treatment and from dewatered sludge.

China Various polymer types found; no 
information about the analysed polymer

SEM • Number of particles
• Surface analysis

[184]

Sludge samples after various treatments including thermal 
drying (TD), anaerobic digestion (AD) and lime 
stabilisation (LS) were collected from seven WWTPs.

Ireland Various polymer types found; SEM 
analysis of HDPE, PE and items of 
unknown polymer types

SEM • Number and size of particles
• Surface analysis

[186]

Samples were taken over a three-month period in a WWTP in 
Poland.

Poland Various polymer types found; no 
information about the analysed polymer

SEM • Surface analysis [182]

Sludge samples were sampled at a WWTP in China at 4 
different treatment stages: sedimentation tank sludge, 
dewatered sludge, biogas residue of sedimentation tank 
sludge and biogas slurry of sedimentation tank sludge.

China Various polymer types found; SEM and 
OM of PE, PP, PET

OM, SEM • Number and size of particles
• Surface analysis

[164]

Fresh municipal sludge (FSS1), mixed sludge (FSS2) and hot 
(320–420 ◦C) air-dried municipal sludge (DSS) were 
applied to a paddy soil (Haplic-stagnic Anthrosol) in a 
long-term application experiment (see also Table 5).

China No analysis of MPs derived from sludge 
samples, just for soil

​ • Number of particles [179]

The sewage sludge tested was derived from fermented 
sludge from a domestic wastewater treatment plant (see 
also Table 5).

China Various polymer types found; no 
information about the analysed polymer

SEM • Surface analysis [183]

Table 4 
Reviewed studies for wastewater treatment plants.



Soil Country Polymers Methods Analysis Study

47 samples along the Yellow River basin in fields with 
5–10, 10–20, 20–30 and ≥ 30 years of mulching.

China Various polymer types found, 
FTIR for LDPE

FTIR • Number and size of particles
• CI and HI

[240]

Sampling in two orchards in Argentina, where no 
plastic film had been used for 7 years prior to 
sampling.

Argentina Various polymer types found; 
OM no specific polymer, SEM, 
FTIR, DSC of PE

OM, SEM, FTIR, DSC • Surface analysis
• Changes in FTIR spectra
• Changes in thermal properties

[40]

Soil samples were taken from arable fields cultivated 
with mulch film for 5 ± 1, 10 ± 1, 15 ± 1 and 20 ±
1 consecutive years without prior use of plastic 
mulch

China LDPE SEM, FTIR, OM • Number and size of particles
• Surface analysis
• Changes in FTIR spectra

[212]

Samples were taken at the surface and at a depth of 
20 cm for two sampling points of a park soil in 
Brazil.

Brazil Various polymer types found, 
No info

OM, SEM • Surface analysis [133]

Sampling of two soils in the summer of 2014 in a 
subtropical region. The first soil was a coarse sandy 
clay loam and the second soil was a fine sandy clay 
loam. Strips of film 1 m long and 15 cm wide were 
placed over these soils.

Australia PE Manual stress application • Elongation at break based on 
film embrittlement

[102]

Topsoil samples were collected from two dumpsites in 
Siaya Central. Topsoil samples were also collected 
from a roadside in Mbaga village, the Ramba 
market place and a courtyard in Aringo Estate (see 
Table 2).

Kenya – SEM, OM • see Table 2 [44]

Burial of two films (transparent LLDPE:LDPE films 
with thicknesses of 5.7 and 10.18 μm) in nylon 
mesh bags at a depth of 10 cm in two soils (loess 
orthic entisols and loess-like loam). Samples were 
taken after 3, 6, 12, 15, 18, 24, 27 and 30 months of 
burial.

China LLDPE FTIR, weighing scale, 
WCA measuring device, 
Universal testing machine

• Evaluation in nominal tensile 
and strain at break

• Changes in WCA
• Keto carbonyl bond, ester 

carbonyl bond, vinyl bond and 
internal double bond index

• Changes in FTIR spectra
• Degree of crystallinity
• Weight change

[74]

Soil samples were taken from the top 10 cm of the 
farmland, with sample sites characterised by 
riverside locations, flood-prone areas, close to 
highways, adjacent to urban areas and different 
types of cropping.

Bangladesh Various polymer types found; 
SEM no information about 
polymer type; EDX for PE, PP, 
PET, PVC, PS

SEM-EDX • Number of particles
• Surface and elemental 

analysis

[237]

Samples were taken at depths of 0–10 cm, 11–20 cm 
and 21–30 cm in 4 soils with up to 10 years of 
plastic mulch.

India – SEM-EDX, • Number of particles
• Surface and elemental 

analysis

[236]

Samples were collected from chilli and potato fields 
mulched with PE film in northern China. This 
sampling region has been using PE mulch film for 
>2 years.

China PE SEM • Surface analysis [225]

The sampling site was a long-term plastic film 
mulching and fertiliser experiment in China. The 
soil is a Haplic-Udic Alfisol in the US soil taxonomy. 
Samples were collected at depths of 0–10 cm, 
10–20 cm, 20–40 cm, 40–60 cm, 60–80 cm and 
80–100 cm.

China Various polymer types found; 
SEM of PE, PP, PET,

SEM-EDX, • Number of particles
• Surface analysis

[232]

Three types of PE-based mulch films, white (0.006 
mm thick), black (0.012 mm thick) and silver-black 
(0.012 mm thick), were applied to the soil surface 
and buried in the soil at a depth of 20 cm for 9 
months.

China PE SEM-EDX, Universal 
testing machine, FTIR, 
XPS, WCA measuring 
device, XRD

• Surface and elemental 
analysis

• Changes in FTIR spectra
• Changes in WCA
• Degree of crystallinity
• Evaluation of tensile strength

[66].

Sampling at 0–5 and 5–10 cm depth at six sampling 
sites. 2 sites were traditional open field agricultural 
areas. While 4 sites used covering film, mulching 
film, and/or sunshade nets.

China Various polymer types; SEM- 
EDX of PP, PE, PS

SEM-EDX • Surface and elemental 
analysis

[227]

PE films were wrapped in nylon nets and buried at a 
depth of 2 cm in a mangrove soil and two forest 
soils for 112 days.

Malaysia PE Weighing scale • Weight change [230]

57 agricultural soil samples were collected from 0 to 
20 cm depth around a waste treatment centre in 
China.

China Various polymer types found 
No info about analysed polymer

SEM-EDX • Number and size of particles
• Surface and elemental 

analysis

[242]

Weathered plastic mulch debris was collected from 
five agricultural fields. The fields were 
characterised by intensive horticultural production 
and a history of plastic use at least twice a year over 
the last decade.

Spain LDPE Raman, FTIR, SEM-EDX • Changes in FTIR spectra
• CI
• Changes in Raman spectra
• Elemental analysis

[80]

Samples were taken (0–30 cm) from fields under 
plastic mulch application for 1–6, 7–11, 12–16, 
17–21 and 22–30 years.

China PE SEM, FTIR • Particle number
• Changes in FTIR spectra
• Surface and elemental 

analysis

[238]

(continued on next page)

Table 5 
Reviewed studies for soil.



Table 5 (continued )

Soil Country Polymers Methods Analysis Study

4 different LDPE films (white, black, thin transparent 
and thick and thick transparent) were buried in soil 
at a depth of 7.5 cm for 22 months. A sample was 
taken every 2 months.

Bangladesh LDPE OM, SEM • Surface analysis [41]

Four different LDPE films were evaluated: a white 
film (0.019 mm thick), an opaque black film (0.010 
mm thick), a thick transparent film (0.050 mm 
thick) and a thin transparent film (0.015 mm thick). 
The films were buried in a silty loam soil at a depth 
of approximately 7.5 cm. The study lasted 22 
months, with samples taken at 1, 3, 5, 7, 9, 11, 13, 
15, 17, 19 and 22 months.

– LDPE SEM, FTIR, Universal 
testing machine, 
weighing scale, XRD, LCR 
meter

• Weight change
• Surface analysis
• Evaluation of stress-strain 

curve and strain at maximum
• Changes in FTIR spectra
• CI
• Dielectric properties
• Degree of crystallinity

[81]

Transparent PS cup, LDPE fragments with a thickness 
of 60 μm, LDPE juice bag and LDPE film with a 
thickness of 60 μm were buried for 32–37 years in 
garden soil in Japan at a depth of 10 and 50 cm.

Japan PVC, PS, LDPE OM, SEM, DSC, XRD • Surface analysis
• Changes in FTIR spectra
• Oxidation temperature,
• Degree of crystallinity

[93]

Samples (0–15, 15–30 cm) were taken from 
agricultural fields near a landfill.

Bangladesh Various polymer types found; 
OM of unknown polymer type; 
SEM-EDX of PE, PP, PS, PVC

OM, SEM-EDX • Surface and elemental 
analysis

[37]

Sampling at three field with annual application of 
biosolids since 8, 7 and 2 years and an additional 
control field.

Australia Various polymer types found; 
no information about the 
analysed polymer

SEM-EDX • Surface and elemental 
analysis

[233]

Two-year field trial with 0.016 mm and 0.010 mm 
thick LDPE film. Films were incorporated before the 
first and second growing seasons.

China LDPE FTIR, weighing scale, 
SEM

• Surface analysis
• Changes in FTIR spectra
• CI

[239]

Sampling was carried out every 5 cm to a depth of 60 
cm on an agricultural field which received unsorted 
household waste in 1990. The soil was a well- 
drained cambisol enriched in pebbles and 
developed from alluvial deposits. Since 2005 the 
field was used as a meadow.

China Various polymers found. FTIR 
from PE, PP, PS, PVC; SEM-EDX 
no polymer type

SEM-EDX, FTIR • Surface and chemical analysis
• Changes in FTIR spectra
• CI

[226]

Soil samples were taken from the surface layer (0–27 
cm) of one control and one amended plot 
(application of MSW compost for 10 years), each 
sample consisting of 10 pooled subsamples. The soil 
was a loamy luvisol to a depth >1.2 m and 
developed on carbonated loess of aeolian origin.

France – TEM-EDX • Surface, morphological and 
elemental

[58]

Two-year field trial in China. In which 4 different 
commercial LDPE films with thicknesses of 0.015, 
0.010, 0.008 and 0.006 mm respectively were 
applied to a grey desert soil.

China LDPE SEM, FTIR, Universal 
testing machine, 
weighing scale

• Surface analysis
• Evaluation of tensile force, 

maximum tensile strength and 
elongation at break

• Changes in FTIR spectra

[105]

Sampling in three areas of intensive agricultural use 
in China. Each sampling site included at least three 
types of management: vegetable fields, greenhouses 
and arable fields. The soils sampled were phaozems 
and fulvo-aquic soils. Samples were taken at a 
depth of 20 cm and an area of 1 m × 1 m per 
sampling point.

China LDPE SEM, FTIR, GPC • Number of particles
• Surface analysis
• Changes in FTIR spectra
• Molecular distribution

[91]

Sampling in cotton fields in northwestern China. 
Samples were collected from 60 sampling points in 
cotton fields with 5, 10, 15, 20, 25 and 30 years of 
continuous mulching. Samples were taken in 10 cm 
increments to a depth of 60 cm.

China PE SEM-EDX, OM • Number of particles
• Surface, morphological and 

elemental analysis

[231]

Fresh municipal sludge (FSS1), mixed sludge (FSS2) 
and hot (320–420 ◦C) air-dried municipal sludge 
(DSS) were applied to a paddy soil (Haplic-stagnic 
Anthrosol) in a long-term application experiment. 
Samples were taken at a depth of ~20 cm (see also).

China Various polymer types found; 
No specific type

SEM • Surface analysis
• Number of particles

[179]

The test soil was derived from Quaterny red clay. 
Samples were taken from an experimental plot 
where 1.69 t ha-1 of pig manure had been applied 
for 22 years and from an unfertilised control plot. 
Analysis of manure for particle number, shape and 
colour.

China PE, PP SEM-EDX, FTIR • Number of particles
• Surface and elemental 

analysis
• Changes in FTIR spectra

[234]

Sampling on Hydragric Anthroso/paddy soil with a 
depth of cultivation of 18 cm. There were three 
treatments: non-mulched soil (never mulched, NF), 
mulched paddy soil for 4 years (2012–2015; F4), 
and paddy soil continuously mulched for 10 years 
(from 2009 to 2019; F10). The used PE film was 
transparent and had athickness of 0.004 mm.

China PE SEM-EDX, FTIR, AFM, 
WCA measuring device

• Number of particles
• Surface, roughness and 

elemental analysis
• Changes in WCA
• Vinyl, carbonyl and hydroxyl 

indices

[86]

LDPE film (0.008 mm thick and 1.4 m wide) ploughed 
into the first 30 cm of three concentrations (75 kg/ 
ha, 150 kg/ha and 300 kg/ha) of Heima soil (Calcic 
Kastanozems, FAO taxonomy) with a field water 

China LDPE SEM, FTIR • Surface analysis
• CI

[224]

(continued on next page)



acceleration voltages should be kept as low as possible, as they can cause 
polymer shrinkage and complicate analysis [50].

There are also other strategies to avoid charging effects and improve 
the image quality. On the one hand, the time the beam stays on each 
point of the sample plays an important role. If this so-called dwell time is 
too long, charging effects are amplified. A shorter dwell time ensures 
less charging but also more noise [50,55]. Accumulating several images 
with a short dwell time is, therefore, a good method of reducing noise 
while at the same time preventing charging artefacts. In addition, 
working in a low vacuum is also a common method for avoiding 
charging.

A further method that can be employed, for instance, to visualize 
ultra-thin sections of the interior of a specimen, or the morphology of the 
surface and subsurface of a specimen using ultra-thin sections of the 
surface, is scanning transmission electron microscopy (STEM). Electron- 
transparent ultra-thin samples (thickness <100 nm) with sufficient 
contrast between components are required for successful application 
[48,56].

3.1.3. Transmission electron microscopy (TEM)
Similar to STEM, transmission electron microscopy (TEM) is pri

marily used to evaluate the surface and subsurface morphology of ul
trathin sections, which can be applied, for example, to evaluate the 
crystalline lamellae of semicrystalline polymers [48,57]. However, TEM 
micrographs typically offer lower contrast than STEM images, due to the 
higher acceleration voltage used and the resolution of TEM. Addition
ally, TEM-based EDX measurements can achieve higher resolution re
sults compared to SEM-EDX [48]. For examining polymer surface 
morphology, TEM plays a minor role compared to SEM (Fig. 1 and 
Tables 2–5). Watteau et al. [58] used TEM-EDX successfully to provide 
morphological characteristics of MPs in soil.

3.1.4. Atomic force microscopy (AFM)
Atomic force microscopy (AFM), a type of scanning probe micro

scopy, does not create an image by focusing light or electrons on a 
surface, but instead images the surface of a polymer by measuring the 
deflection of a cantilever that holds a very fine probe (radius of curva
ture 10–20 nm) positioned close to the surface [47]. From the reviewed 
studies only two used AFM, although this method shares the advantage 
that it provides additional height information of the surface, rather than 
just two-dimensional images of a sample surface [59]. Under ideal 
conditions these images have an atomic resolution [60]. An advantage 
compared to electron microscopic techniques is the simpler sample 
preparation, as the sample does not need to be coated, electrically 
grounded, coloured or transparent [59]. For example, landfilled PE has 
shown an increase in average surface roughness of more than 2.5 times 
that of virgin PE [61].

3.1.5. Brunauer-Emmett-Teller (BET) device
A Brunauer-Emmett-Teller (BET) device is used to determine the 

specific surface area, a key property of solid surfaces. It is estimated 
using the BET equation, which calculates the specific surface area based 
on the amount of gas molecules adsorbed on the solid surface [62,63]. 
The specific surface area has only been calculated once (Fig. 1) and 
showed that sludge-derived MPs had a specific surface area up to 10 
times higher than virgin MPs [64].

3.1.6. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a technique used for the

analysis of the chemical composition of the outmost atomic layers of a 
material. XPS is based on the photoelectric effect: using a mono
chromatic soft X-ray beam (~1 keV) to irradiate the sample, the X-rays 
provide enough energy to overcome the binding energy of the electrons 
and eject them. As the binding energy is characteristic of each element, 
it is possible to identify the elements present in the sample. Due to small 
shifts in the binding energy, it is also possible to identify the chemical 
state (bonding) of the element. [65]. To analyse plastic weathering in 
the environment, XPS was only used in two studies (Fig. 1 and 
Tables 2–5). For example, Liang et al. [66] could successfully quantify 
plastic weathering based on the calculation of the oxygen/carbon (O/C) 
ratio of PE films after 9 months of soil burial and soil surface exposure.

3.1.7. Fourier transform infrared spectroscopy (FTIR)
Infrared (IR) Spectroscopy is used to analyse the interaction of a 

sample with IR light (14000–4 cm 1). The Fourier transform infrared 
(FTIR) spectroscope is the most commonly used instrument for identi
fying the polymer type [67,68], as well as, chemical alterations during 
weathering (Fig. 1 and Tables 2–5) in the terrestrial environment. When 
IR radiation (4000-600 cm 1) interacts with a sample, it can be absor
bed, causing chemical bonds in the material to vibrate. A particular 
functional group will always absorb the radiation at the same wave
number, regardless of the rest of the molecule’s structure. By measuring 
the amount of IR radiation absorbed at different frequencies, an ab
sorption spectrum can be produced from which the structure of a 
molecule can be deduced. Since a particular type of polymer is made up 
of a particular combination of atoms, the resulting absorption spectrum 
is specific to that polymer type [67,68]. In addition to simply identifying 
the type of polymer, it is also possible to assess chemical alterations from 
FTIR spectra by analysing the formation and disappearance of functional 
groups (applied in 35 studies, Fig. 1). In particular, two-dimensional 
correlation spectroscopy (2D-COS) can be used to establish a relation
ship between spectral change and exposure time [69,70]. In addition, to 
measure the formation of certain functional groups produced during 
oxidation, various indices have been developed in the past, where the 
ratio between a specific peak/area and a reference peak/area is 

Table 5 (continued )

Soil Country Polymers Methods Analysis Study

holding capacity (FWHC) of 23 %, an average bulk 
density in the upper 100 cm soil layer of 1.20 g/ 
cm3 and a gravimetric water content of 6.2 % at the 
permanent wilting point. The soil consists of 38 % 
clay (<0.002 mm), 58 % silt (0.002–0.05 mm) and 
4 % sand (0.05–2.0 mm). The soil from 0 to 20 cm 
depth contains 5.9 g/kg organic carbon and 0.36 g/ 
kg total nitrogen, with a pH of 7.8. Extraction was 
carried out after 2 years.

Soil samples (0–100 cm in 10 cm increments) were 
taken from a greenhouse cropping experiment with 
five different treatments, including the control, 
chemical fertilizers, chicken manure compost, soil 
testing and local agricultural practices.

China Various polymer types found; 
no information about the 
analysed polymer

SEM-EDX • Particle number
• Surface analysis
• Elemental analysis

[235]

Soil samples (0–20, 20–40 cm) were taken from a 
long-term field trial with eight different treatments, 
including fertilizer and sludge application.

China Various polymer types found; 
no information about the 
analysed polymer

SEM-EDX • Surface and elemental 
analysis

[183]



determined [71] (Fig. 5). A variety of indices were calculated in the 
reviewed studies, of which the carbonyl index (CI) was the most com
mon (Fig. 5). The CI was used in several studies as an indicator of 
weathering (Fig. 5). For example, a significant increase in the CI of PP 
was reported during industrial composting [31]. However, the calcula
tion method varied considerably in the different studies, which makes it 
difficult to compare the results, as recently shown by Almond et al. [71] 
and Gomes et al. [72]. In rare cases, FTIR spectra were further used to 
assess the crystallinity or the isotacticity of plastics [73,74].

3.1.8. Near-infrared spectroscopy (NIRS)
Near-Infrared Spectroscopy (NIRS) works unlike FTIR (operating 

primarily in the mid-IR region), in the near-IR region (12500-4000 
cm 1). In this region, bands arise from overtones and combination 
modes of molecular vibrations, which are generally weaker and less 
distinct than the fundamental vibrations observed in FTIR. NIRS is a 
non-destructive, non-contact method that can be applied to samples in 
various states, shapes, and thicknesses [75]. NIRS, only once used to 
determine weathering effects in the terrestrial environment (Fig. 1), 
confirmed the formation of new functional groups in bulk LDPE 
following composting and digestion [30].

Fig. 2. Simulation of electron trajectories for different polymer types (ρ: density of polymers in g cm− 3) at 5 kV and spot size of 1.5 nm with Casino v2.48 [54], 
Yellow trajectories represent high energy loss of the electrons, blue trajectories represent low energy loss and red trajectories represent the backscattered electrons. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 3. Images of 4 samples (all from the same PE foil). One covered with a thick gold layer (25.9 nm), one with a medium thick layer (16.9 nm), one with a thin layer 
(8.2 nm) and one without any coating. For 6 different acceleration voltages the corresponding simulation [54] as well as the secondary electron and backscattered 
electron images are shown. The field of view of the images is 750 μm, the field of view of the small insets is 50 μm. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)



Fig. 4. Images of two samples taken from the same PE film: one coated with an 8.2 nm thick gold layer and the other with a carbon layer of the same thickness. For 
three different acceleration voltages (1 kV, 2 kV, and 5 kV), the corresponding simulations [54], as well as secondary electron and backscattered electron images, are 
shown. The field of view for the main images is 750 μm, while the insets have a field of view of 50 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)



3.1.9. Raman spectroscopy
Raman Spectroscopy is a complementary technique to IR and iden

tifies molecules present in the sample, with a typical Raman shift in the 
range from 50 to 4000 cm 1. A monochromatic beam, usually a laser, 
irradiates the sample. During irradiation, a small fraction of the photons 
interacts inelastically with the vibrational modes of the molecules. This 
causes a shift in the photon energy due to the loss or gain of energy 
during the interaction. These energy shifts correspond to specific rota
tional or vibrational modes in the molecules and are used to determine 
the chemical composition and molecular structures of the samples [76]. 
For the analysis of polymers, no sample preparation is required, 
although the cleaning of the sample surface is necessary to avoid in
terferences mainly caused by organic matter [34,77]. Similar to FTIR, 
Raman spectroscopy is a widely used technique for identifying the 
polymer type and assessing weathering-induced changes in the spectra 
[78,79]. Among the studies reviewed, Raman spectroscopy was applied 
only twice. For example, Macan et al. [80] observed additional Raman 
signals from LDPE films after soil exposure, which could be related to 
changes in crystallinity.

3.1.10. LCR meter
LCR meters are used to evaluate dielectric properties of plastics, 

especially capacitance, loss tangent and dielectric constant [81,82]. In 
the reviewed studies, only one study (Fig. 1) used an LCR meter to detect 
changes in the dielectric spectra, evident as shifts in the transition peaks 
toward lower temperatures, indicating alterations in the molecular 
structure of PE after soil burial [81].

3.1.11. Water contact angle (WCA) measuring device
The contact angle measures the wettability of a solid surface, defined 

as the angle at the intersection of the liquid-vapour and solid-liquid 
tangents. On hydrophilic surfaces, the droplet spreads out, resulting in 
a contact angle close to zero. Less hydrophilic surfaces have angles up to 
90◦, while hydrophobic surfaces exceed 90◦. Angles greater than 150◦

indicate superhydrophobic surfaces [48,83]. The water contact angle 
can be measured directly using optical goniometry or indirectly via force 
tensiometry [48,66,84]. The WCA, analysed in 5 of the reviewed studies 
(Fig. 1), typically decreased after exposure to various terrestrial envi
ronments [74,85,86].

3.1.12. X-ray computed tomography (CT)
X-ray Computed Tomography (CT) is a non-destructive, three- 

dimensional X-ray imaging method [87,88]. The 2D X-ray photographs 
of the sample are collected with equal angle increment over 180◦ or 
more and are reconstructed through an algorithm to create a 3D model 
of the scanned object [89]. The X-ray passes through the sample and part 
of it is absorbed by the material. The X-ray absorption depends on the 
density of the materials in the sample, with high-density materials 
absorbing more than low-density materials. This is expressed by 
different greyscale values in the resulting image. For light materials such 
as polymers, the absorption is very weak and the contrast between 
material and air may not be enough to determine the structures and 
polymer weathering, such as porosity. For this, X-ray phase contrast 
imaging is required and can be acquired through different processes, 
depending on the device. The phase contrast arises from differences in 
the refractive index of the materials and results in an edge enhancement 
in the resulting image. CT-scanners in the submillimeter voxel resolution 
range, are divided into mini-CT (voxel resolutions: 200–50 μm), 
micro-CT (voxel resolutions: 50–1 μm) and nano-CT, also known as 
X-ray microscope (voxel resolutions: 1–0.1 μm) [88]. Although CT offers
the possibility of analysing both the bulk polymer and the surface, they
were only used once in the studies investigated. Groß et al. [31]
observed an increase in the pore structure of PP with extended com
posting time using nano-CT, as well as a 550-fold increase in surface
attachments detected through micro-CT.

3.1.13. Gel permeation chromatography (GPC)
Gel Permeation Chromatography (GPC) is a technique used to 

determine the full molecular weight distribution of a polymer. In this 
method, a dilute polymer solution flows through a column packed with 
porous gel beads, where molecules are separated based on their hy
drodynamic volume. Smaller polymer molecules enter most of the pores, 
taking a longer flow path, while larger molecules are excluded from all 
but the largest pores. As a result, polymer molecules elute from the 
column in decreasing order of molecular size [90]. Although GPC is 
widely used in polymer science, it was applied in only two of the 
reviewed studies (Fig. 1). These studies observed a shift in the molecular 
weight distribution [61] and a reduction in the high molecular weight 
fraction [91] of plastics following exposure in terrestrial environments.

Fig. 5. The different indices and the corresponding bands used for calculation. The different colours reflect the different indices. In addition, the different polymers 
for which these indices were calculated, as well as the corresponding studies, are shown on the right y-axis. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)



complementary standardised ISO and ASTM test methods tailored to 
specific stress conditions [104].

3.1.18. Weighing scale
Weight change, the simplest and most direct method for measuring 

plastic degradation [16] through a weighing scale, was assessed in nine 
studies. The plastic samples were weighed with a scale before and after 
exposure in the respective environment. To account for any material 
adhering to the surface, the plastics were typically cleaned with water 
and ultrasound and then dried afterwards before weighing, revealing 
mixed results after exposure in terrestrial environments [105,106].

3.1.19. Additional methods for potential weathering analyses that have not 
been applied in the reviewed studies

3.1.19.1. Zeta potential. The zeta potential represents the electrical 
potential difference between the double layer surrounding an electro
phoretically mobile particle and the dispersant layer at the slipping 
plane [107]. Observations of the zeta potential as a function of pH, for 
example, showed that the isoelectric point of three different plastics 
shifts to lower pH values with weathering, due to changes in surface 
functional groups [108].

3.1.19.2. Nuclear magnetic resonance spectroscopy (NMR). NMR spectra 
provide insight into the chemical structure of the polymer chain, 
including the number of end groups, degree of branching, tacticity, 
molecular mobility, degree of crystallinity and possible changes in these 
parameters after weathering [90,100,109].

3.1.19.3. Glossmeter. Gloss, or specular gloss, measures the reflectivity 
of a surface. Weathering and surface abrasion can affect gloss levels, 
which can be assessed using a glossmeter or lustremeter. The gloss data 
of an environmentally exposed sample are compared to a reference 
sample [101,104].

3.1.19.4. Yellowness index. The yellowness index, as defined by ASTM 
E313 and ISO 17223, is a standard test procedure used to determine the 
colour change of plastics as they turn yellow due to environmental 
exposure. This is achieved by analysing spectrophotometric data from 
comparative measurements [101].

3.1.19.5. Mass spectrometry (MS). Mass spectrometry, allowing for 
precise identification and quantification of chemical constituents, is 
often combined with complementary techniques such as chromatog
raphy (e.g., gas and liquid chromatography), thermal methods (e.g., 
pyrolysis gas chromatography and TGA), spectroscopy (TGA-FTIR-MS) 
or matrix-assisted laser desorption/ionisation, among others. These 
methods allow for a detailed characterization of polymers, such as the 
quantification of end groups, the identification of volatile compounds 
and degradation products, as well as the determination of molar mass 
distribution [110–112]. Mass spectrometry of secondary ions produced 
by surface bombardment with energetic primary particles is commonly 
used in time-of-flight secondary ion mass spectrometry [113]. This 
method allows the assessment of chemical changes on plastic surfaces by 
exploiting its high spatial resolution and sensitivity to molecular species, 
including distinct peaks corresponding to oxidised fragments [114,115].

3.1.19.6. Laser-induced breakdown spectroscopy (LIBS). Laser-induced 
breakdown spectroscopy (LIBS) allows qualitative and quantitative 
determination of the elemental composition of a sample [116,117]. In 
addition to identification [118], LIBS was used to analyse plastic 
weathering along a depth profile, where the intensity of the C2 Swan 
band and oxygen (O) emission lines were evaluated to assess changes in 
the polymer [117].

3.1.14. X-ray diffraction (XRD
X-ray diffraction (XRD) is used to determine the crystallinity of a 

material. XRD is based in the interaction between X-rays and the regular 
atomic arrays in crystalline materials. This technique is based on Bragg’s 
law, which describes how the incident X-ray beam is diffracted by the 
atoms in the crystalline structure. When the path difference between the 
reflected X-rays from successive atomic planes results in constructive 
interference, the spacing between the successive atomic planes d can be 
determined by measuring the diffraction angle θ. This spacing d is then 
used to characterize the crystalline structure of the sample [92]. In the 
reviewed studies, XRD was employed to evaluate differences in crys-
tallinity of weathered PE following soil exposure [41,66,93]. Similarly, 
techniques such as electron diffraction and neutron diffraction can be 
used to assess the crystallinity of plastics, providing complementary 
information about their structural properties [94,95].

3.1.15. Differential scanning calorimetry (DSC
Differential scanning calorimetry (DSC) is a thermoanalytical tech-

nique that measures the heat flow in and out of the respective polymer 
sample relative to a reference [96]. The thermogram provides plastic 
physical properties such as the temperatures at the glass transition, onset 
of melting, peak of melting, and enthalpy of fusion, used to calculate 
crystallinity [97]. DSC was the most frequently applied structural 
analysis technique, used in 9 studies. It revealed changes in the DSC 
thermogram, including the appearance of an additional shoulder 
melting peak, shifts in melting temperature, and variations in crystal-
linity [85,98].

3.1.16. Thermogravimetric analysis (TGA
In thermogravimetric analysis (TGA), the plastic sample under 

investigation is weighed as it is heated at a predetermined rate. The 
weighted plastic is recorded as a function of time or temperature. The 
thermogram produced shows the percentage of weight lost at different 
stages as the temperature rises. This can provide information about the 
composition of the sample and its thermal stability [99]. TGA was 
applied only once (Fig. 1) to assess the thermal behaviour of PP and 
bioriented PP (BOPP) after soil burial, revealing differences between the 
samples attributed to their chain orientation [73]. In addition to DSC 
and TGA, several other thermal techniques are available, including dy-
namic mechanical analysis, differential thermal analysis and evolved gas 
analysis. These methods allow the assessment of heat flow, mass change, 
size and volume deformation, conductivity and release of volatile 
components during thermal processes [100].

3.1.17. Universal testing machine/Universal tensile machine
Tensile tests in universal testing machines are methods used to 

determine the mechanical properties of plastics according to standard-
ized procedures such as ASTM D638 and ISO 527. In total, 9 studies 
applied tensile testing in the reviewed studies. One end of the sample, 
typically in a "dumbbell" or "dogbone" shape, is clamped in a stationary 
grip of a universal testing machine, while the other end is subjected to 
controlled displacement. After positioning the sample between the grips, 
it is stretched at a predetermined rate. The load cell connected to the 
moving end measures the load corresponding to the displacement. From 
the resulting stress-strain curve, various material properties, such as 
elongation at break, modulus of elasticity, and tensile strength, were 
estimated in the reviewed studies [66,85,101]. One of the eight studies 
applied a simplified form of tensile testing, in which the authors assessed 
the embrittlement of soil surface exposed PE films, which was defined as 
the point where the weathering time had elapsed to the extent that the 
film fractured in multiple directions when a small stress was manually 
applied normal to the film plane [102]. This point corresponds to the 
condition where the elongation at break was reduced to less than 5 % of 
the original film [103].

In addition, other mechanical parameters – such as flexural strength, 
impact resistance and compressive strength – can be assessed using 
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observed changes can be more precisely related to an exact period than 
for environmental plastics. PE (including linear low-density PE (LLDPE), 
low-density PE (LDPE) and high-density PE (HDPE)) and PP are the most 
commonly analysed plastics in the reviewed studies, reflecting their 
high production volumes [2]. These polymers were studied across all 
terrestrial systems. In contrast, the lower production volumes of other 
polymers [2] may explain the limited research on their weathering. For 
example, PVC was analysed only in soil and landfills, PA in sludge 
landfills (Tables 2–5 and Tables S2-5) and PU, despite accounting for 
5.3 % of global plastics production in 2023 [2], was not investigated in 
any study (Fig. 7). Many studies focusing on environmental plastics also 
did not report the polymer type (Fig. 7). Although FTIR or Raman 
spectroscopy was often used to identify specific polymers, subsequent 
analyses such as microscopy were often performed on unspecified par
ticles (Tables 2–5 and Tables S2-5). Although general weathering effects 
can still be inferred, degradation is polymer-specific, i.e., the degrada
tion mechanisms of plastics with a carbon-carbon backbone (e.g., PE, 
PP, PS and PVC) differ significantly from those with heteroatoms in the 
main chain (e.g., PET and PU) [122].

3.2.1. Landfills
Modern sanitary landfills are equipped with bottom liners made of 

impermeable material to separate the waste from the underlying soil 
[21]. However, these liners can degrade over time; in this case, the 
prevention of leachate entering the underlying aquifers or neighbouring 
rivers might be limited [123]. In addition, leachate collection systems 
are installed to treat pollutants in percolating precipitation before 
disposal, as well as gas extraction systems to reduce fire risk and 
greenhouse gas emissions from anaerobic digestion processes [21]. 
When the operating volume is reached, landfills are covered with a final 
layer of soil and an additional barrier layer [21,123,124]. Some landfills 
are designed as bioreactors that use leachate recirculation to promote 
waste stabilisation under varying aerobic conditions, affecting the mi
crobial community and gas and leachate composition [123]. Unsanitary 
landfills or open dumps, on the other hand, are unmanaged and pose 
increased environmental risks. In particular, the lack of liners and bar
riers increases the risk of leachate-containing MPs or additives seeping 
into the soil and macroplastics being transported by wind, runoff or 
flooding [125].

A total of 22 studies were available reporting on plastics in landfills, 
with durations ranging from 60 days to 60 years, which is the longest 
duration of all studies reviewed (Table 2, Table S2 Figs. 6 and 7).

As the plastics are usually at the end of their service life, they are 
often altered before being disposed of in landfills [61]. In landfills, 
weathering processes will continue for decades, depending on the 
respective landfill conditions. As there are different types of sanitary and 
non-sanitary landfills, conditions such as O content, moisture, waste 
type, leachate, corrosive chemicals, temperature and pH vary greatly 
[22]. In addition, the types of plastics entering landfills, their 
pre-alteration and local weather conditions differ (Table 2, Table S2 and 
Fig. 8).

Mechanical stress caused by waste compaction prevails in all land
fills. After the organic material is broken down, the waste slowly col
lapses, resulting in friction and shear forces [61], followed by 
mechanical abrasion caused by the flow of leachate and gas under high 
pore pressure [61]. In addition, in the presence of UV radiation and O, 
photo-oxidation processes can take place on the landfill’s surface [22]. 
In aerobic landfills, thermo-oxidative processes are the main degrada
tion pathway [22], especially with high temperatures of up to 90 ◦C 
inside the landfill cell [126]. Transition metals (e.g., iron (Fe), copper 
(Cu), titanium (Ti) and Cr) in the landfill can increase the rate at which 
hydroperoxide intermediates decompose into radicals, ultimately 
accelerating the oxidation processes of hydrocarbons [127,128]. The 
combination of mechanical and thermo-oxidative processes results in an 
enhanced weathering of plastics [129]. In anaerobic landfills, other 
pathways are common. Polymers can be broken down into smaller, 

Fig. 6. Percentage of studies addressing plastic particle exposure in the 
different terrestrial systems.

3.1.19.7. Ultraviolet–visible (UV–Vis spectroscopy. UV–Vis spectros-
copy is particularly valuable for the quantitative analysis of specific 
functional groups, called chromophores, and their modification by 
auxochromes, which can influence absorption properties [100]. Addi-
tionally, this technique can determine the percentage of transmittance 
and the degree of absorbance of radiation within the UV–visible spectral 
range [119].

3.1.19.8. Auger electron spectroscopy (AES. Auger electron spectros-
copy (AES) is a highly sensitive technique for surface analysis. The 
emitted Auger electrons provide elemental information about the sur-
face, allowing detailed chemical analysis of the surface composition of 
the material [120].

3.1.19.9. X-ray fluorescence spectroscopy (XRF). X-ray fluorescence 
(XRF) is a spectroscopic technique that can identify and quantify the 
elemental composition of a sample based on the emitted X-rays, which 
have characteristic energies specific to the elements [121].

3.2. Effects of exposure in terrestrial systems

In total, 70 studies were found during the literature search 
(Tables 2–5). Of these, 63 studies dealt with one, 6 studies with two and 
1 study with three environmental systems. The majority focused on soil, 
followed by landfills, compost and wastewater treatment plants 
(WWTPs), and least frequently, digestate (Fig. 6). The majority of 
studies were conducted in Asia (47), with almost half coming from China 
alone. Europe accounted for 21 % of the studies, while research in other 
regions was particularly scarce. North America (1 study), South America 
(3 studies), Australia (2 studies) and Africa (2 studies) were significantly 
underrepresented (Tables 2–5).

Depending on the system, different periods of environmental expo-
sure were considered in the studies, ranging from a few days (compost 
and digestate) to several decades (soil and landfills) (Tables 2–5, 
Tables S2-5 and Fig. 7). There is also a clear difference in the study 
design: the majority of the studies analysed plastics that were already 
present in the environment (79 %) (Fig. 7); the age estimation of these 
environmental plastics is based on information about the utilisation of 
the soil, process parameters of industrial plants or the construction and 
closure of landfill compartments. In contrast, 21 % of the studies spe-
cifically introduced plastic into the environment and analysed it after 
defined periods (‘experimental plastic’). For experimental plastics, the 



short-chain molecules by exoenzymes from anaerobic consortia of mi
croorganisms and used as a source of carbon or energy [130]. For 
polymers containing hydrolysable covalent bonds in functional groups 
such as ester, ether, anhydride, amide, carbamide (urea), ester amide 
(urethane) and others, hydrolysis is an important chemical pathway that 
depends on parameters such as water activity, temperature, pH and time 
[131]. Dissolved organic matter in the leachate can form, even under 
dark conditions, reactive oxygen species (ROS), which trigger the 

oxidation of plastics. Fulvic acids promote weathering more than humic 
acids as their generation rate of ROS is higher, caused by molecular 
structural differences [129]. In addition, substances such as hydrogen 
sulphide can be produced in landfills at low pH, leading to the corrosion 
of specific plastics [22] (Fig. 8).

All these processes led to macroscopic as well as microscopic changes 
in plastics. Macroscopic changes include the loss of gloss, yellowing, 
fading of printing, reduced elasticity and embrittlement [33,85,132]. On 

Fig. 7. The polymer types across all studies (a), differentiated by experimental (b) and environmental plastics (c). Exposure times of the analysed plastics in 
wastewater treatment plants (WWTPs)/sewage sludge, digestate and compost (d), as well as in soil and landfill (e). The colours on the timelines correspond to the 
colours of the polymer types in a-c. The number of studies per time point is not reflected. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 8. Different factors can potentially affect plastic particles in different terrestrial systems. Plastics enter the soil through a variety of pathways and may be 
pre-altered.



symmetric CH2 stretching vibrations were observed in aged PP in one 
study [144]. For PET, weathering resulted in increased absorbance, 
indicative of aromatic C–H bonds and C–O–C ester linkages, and a 
decrease in C––O stretching in ester C––O groups, suggesting oxidation 
or even structural reorganization [144].

Finally, 2D-COS analysis of plastic films aged under artificial con
ditions revealed a sequence of functional group changes during weath
ering: C–H > C–O > C––O. This sequence shows that C–H bonds are 
cleaved first, leading to the formation of C–O bonds by oxidation, which 
are then further oxidised to form C––O groups [61].

The introduction of new O-containing functional groups led to a 
steady decrease in the water contact angle with increasing deposition 
time [85]. This increasing hydrophilicity of the material favours the 
adhesion of microorganisms to its surface [141] and the hydrolysis rate 
[145]. Although these analyses indicated degradation processes, no 
consistent trends were observed in the calculation of CI and hydroxyl 
index (HI). Most studies reported that CI and HI increased with landfill 
age for PE [84,139,140,142,144,146,147], PP [33,84] and PS [84], 
while others found either a non-significant decrease in CI for PE [132] or 
no correlation between HI and PP deposition age [85]. Additionally, CI 
also increased with increasing landfill depth, presumably due to higher 
pressure and heat in lower strata [146].

Chain scission breaks down longer polymer chains into shorter 
fragments, leading to a reduction in the molecular weight of aged 
plastics and the appearance of an additional shoulder melting peak in 
the DSC thermogram [85,98]. However, no significant differences in the 
melting point between fresh and aged PE and PP were found [85]. Better 
quantification of degradation was possible by the ratio of enthalpies 
between the lower shoulder peak (60–100 ◦C) and higher major peak 
(110–120 ◦C), showing that mainly the colour of plastics affected the 
degradation of PE, with yellow, green and black samples showing the 
highest level of degradation [98]. These differences may be due to the 
role of pigments in weathering. For example, TiO2 can act simulta
neously as a thermo- and photocatalyst, accelerating degradation pro
cesses, and as a UV absorber, potentially stabilising the polymer under 
certain conditions [148]. Similarly, TGA of aged PP revealed two 
distinct mass loss events, indicating the presence of degradation prod
ucts or new phases, likely from the breakdown of polymer chains into 
smaller, more volatile compounds that decompose at lower tempera
tures [100]. In contrast, BOPP maintained a single mass loss in both aged 
and fresh samples, suggesting higher thermal stability due to its chain 
orientation [73].

Changes in crystallinity were polymer-specific, however, without 
consistent trends, neither for PP nor PE. For PP most studies indicate an 
increase in crystallinity over time [33,85], even if one study found 
similar values for aged and virgin PP [132]. Contrastingly, Longo et al. 
[73] observed a decrease in crystallinity after 11 months in a landfill,
which was more pronounced in PP compared to BOPP. In the same
study, the isotacticity of PP—reflecting the regular arrangement of CH3 
groups along the polymer backbone [109] - decreased significantly,
indicating a structural change and reduced molecular order, consistent
with the loss of crystallinity [73]. Conversely, BOPP increased in iso
tacticity, possibly due to chain reorganization during degradation [73].
For PE, an increase in crystallinity over time, from 39 % (fresh) to 45 %
(<10 years) and 51 % (>10 years) [132] was detected, but also a
decrease with increasing landfill time for samples up to 60 years old [85,
139]. The decrease in crystallinity from 55.6 % to 20.8 % of a sample
after 27 years of landfilling was mainly attributed to the splitting of
longer polymer chains into shorter ones by biological enzymes and the
rearrangement of the PE carbon chain molecules [85]. Redko et al.
[139], attributed the loss of crystallinity in up to 60 years of landfilled
PE to chemical degradation unique to landfill conditions. In
semi-crystalline polymers such as PE and PP, oxidation, biodegradation
and mechanical stress preferably affect the amorphous regions, which
increases fractional crystallinity [6,130,132]. Additionally, shorter
fragments of the polymer chain can crystallize through

a microscopic level, plastics displayed signs of surface deterioration such 
as pits, cracks and holes [133–137], which led to an increase in surface 
roughness and later fragmentation, resulting in the formation of smaller 
plastic particles [84,85]. In contrast, virgin reference plastics had 
smooth surfaces with virtually no signs of weathering, except for me-
chanical wear caused by processing [33,85]. In addition, the aged plastic 
particles were colonised by a variety of microorganisms, which devel-
oped a patchy coating together with lipopolysaccharides and soil 
organic carbon. Most of the microorganisms found were viable, sug-
gesting biodegradation processes [32,33,44], which depend on various 
factors such as temperature, alkalinity, O and moisture content [138], 
but also on the age of the plastic waste [139]. While 1.5-year-old plastics 
contained only viable microorganisms, 60-year-old plastics contained 
approximately equal numbers of living and dead microorganisms that 
formed distinct colonies around areas of severe delamination on the 
landfilled plastics [139]. The high pressure caused by the continuous 
compaction of the waste, combined with the elevated temperatures, 
favoured the accumulation and embedding of inorganic and organic 
material on the plastic surface, which led to an increase in weight during 
the residence time in landfills [56,140]. This weight increase is further 
fuelled by the water absorption of aged plastics [56,141]. The various 
elements (C, O, P, Fe, Cl, Si, Ca, Al, Na, cobalt (Co), Mg and Ti) found on 
the surface reflect the diversity of the accumulated material [85,140, 
142,143]. Si and Al, for example, may be indicative of soil minerals such 
as silicon dioxide (SiO2) and aluminium oxide (Al2O3) [132]. Others are 
used as pigments, additives, fillers or during plastic production [104, 
132,140]. Puglisi et al. [98] hypothesised that the chemical distribution 
on the surface of the polymers and their different affinity to bacteria 
influenced the morphology of holes, as heavier elements such as Na, Mg, 
P, Si, Ca or Fe remained in the cavities on the surface of the severely 
altered samples. Therefore, different coloured samples showed different 
degrees of weathering, as they contain different dyes and additives with 
varying elemental compositions [98,104].

A clear correlation between the extent of surface alteration and the 
duration of storage could not be established: while Canopoli et al. [132] 
found no clear difference in the extent of surface changes between 
younger (<10 years) and older (>10 years) samples, others noticed an 
increase in surface weathering with increasing storage time [84,85,139, 
143]. The latter assessment was also based on the correlation between 
the surface roughness and the O/C ratio, i.e., with increasing surface 
degradation the proportion of C decreased and the proportion of O 
increased [85,140,142]. This shift was then confirmed by FTIR spectra 
of landfilled plastics. In detail, PE and PP showed the formation of 
carbonyl (C––O) and hydroxyl groups (O–H), along with the appearance 
of carbon–oxygen bond (C–O) and carbon-carbon double bond (C––C) 
stretching in the spectra of landfill samples [33,61,84,98,132,142]. 
Additionally, bioriented polypropylene (BOPP) and PP exhibited the 
appearance of cyclic ether (C–O–C) linkages and CH––CH2 (vinyl 
groups). Specifically for PP, also C–O–C linkages were detected [73]. 
The formation of oxygenated functional groups was also observed for 
landfilled PET [142]. The FTIR results highlight chemical changes and 
an increase in O-containing functional groups such as aldehydes, ke-
tones, carboxylic acids, hydroperoxides, and alcohols [6,141].

Deconvolution of the C1s peak through XPS in PE resulted in three 
distinct peaks: C–C, C–O and C––O. The area of the C––O peak increased 
with increasing disposal age, indicating oxidation of the polymer [84]. 
Furthermore, PE showed increasing absorbance at C––O and C–H bonds, 
while the absorbance at its characteristic double and single peaks 
decreased. Both PE and PP presented decreasing intensities for the CH2 
group, indicating chain scission [61,73,98,132,140].

In addition, in PP and BOPP ketone and methyl (CH3) groups 
decreased over time, caused by the degradation primarily at primary 
and tertiary carbon sites [73]. This was particularly evident in PP 
samples older than 10 years, with the reduced CH3 intensity attributed 
to the loss of volatile products during degradation [132]. Interestingly, 
despite these trends, higher absorption values for asymmetric CH3 and 



l 1 in leachates [84,135–137,144]. There is evidence of a significant
positive correlation between landfill age and MP generation, with MP
concentrations increasing exponentially over time. For example, MP
abundance increased from 71.3 ± 17.7 pieces g 1 plastic in landfills
younger than 10 years to 653.1 ± 191.5 pieces g 1 plastic in landfills
older than 30 years [84]. This ongoing fragmentation process is further
supported by a decrease in MP size with landfill age [84,144]. However,
conflicting results have also been reported, showing contradictory or no
clear correlations between landfill age and the number of MPs [144,
146]. For example, the lowest MP concentrations in refuse and leachate
were observed in the oldest landfill zones, while middle-aged and
younger zones displayed two to three times higher concentrations [144,
146]. These discrepancies highlight the impact of increased plastic use
in recent years, resulting in more MP formation despite shorter depo
sition times. The lack of correlations could also be due to the high het
erogeneity of waste within a landfill or between landfills, as the
generation rate of MP already depends on the type of plastic [84,135].
For instance, PE (28.4 pieces g 1 of plastic) generates significantly more
MP per year than PP (15.0 pieces g 1 of plastic) or PS (9.6 pieces g 1 of
plastic) [84]. Another critical factor is the movement of MPs within the
landfill. Precipitation percolating through the landfill transports MPs to
deeper layers, leading to their accumulation in lower strata [146]. In
unsanitary landfills or those with damaged liners, this can result in the
migration of MPs into the underlying soil, providing yet another
pathway for MPs to enter the environment [135].

3.2.2. Composting and digestion
In particular, food and green waste, which make up the largest share 

of global waste (44 %) [20] can be easily treated in composting and 
digestion plants as an environmentally friendly alternative to land
filling. Composting and digestion are both methods of decomposing 
organic material. During composting, microorganisms break down 
organic material in the presence of O, producing CO2, heat, water 
vapour and compost [153]. During digestion, this breakdown is ach
ieved under controlled anaerobic conditions, resulting in the production 
of biogas and digestate [154]. Compost and digestate are used as soil 

amendments to improve soil health and quality [154,155], but are 
potentially contaminated with plastics [156]. The plastics originate 
from the feedstock (e.g., food waste, green waste, organic household 
waste) [24,156] and often come from food packaging, containers, bags, 
product labels and service items that are inadvertently released into the 
waste stream [157]. Despite strategies within the facility to reduce the 
plastic amount, such as manual picking, screening machines, separators, 
or de-packagers [158] some plastics still enter the actual composting or 
digestion process. Mainly because small items cannot be removed, and 
larger plastic particles may be mechanically fragmented by screening 
and sorting processes [158].

The composting and digestion conditions of the reviewed studies 
reflect this diversity in the process settings. For composting, besides 
different screening processes, factors such as the design of the com
posting facilities (including shredding and sieving processes), the type of 
feedstock, the duration, the maximum temperature or the average hu
midity varied [159–161] (Table 3, Table S3 and Fig. 7).

A total of seven studies examined the alteration of plastics in 
compost, while two focused on plastics in digestion. In composting en
vironments, exposure times ranged from 10 days to 8 months, whereas 
for digestion, only one study reported a duration, which was 24 days 
(Table 3, Table S3 and Figs. 7 and 8).

During composting, plastic particles are affected by mechanical 
processes such as screening or turning the pile, and by chemical and 
biological degradation processes. After pre-treatment (manual sorting, 
shredding and pressing), the number of particles increased from 800 ±
200 particles kg 1 dry weight in rural household waste to 1,133 ± 115 
particles kg 1 dry weight [162]. The environmental conditions, in 
particular the high temperatures (up to 75 ◦C), the simultaneous supply 
of O and the high humidity (36.8 ± 2.8 %) [30], can lead to 
thermo-oxidative and hydrolytic degradation processes [16]. These 
processes introduce hydrophilic groups and thus promote the attach
ment of microorganisms to the plastic surface, which is the first step of 
biodegradation [163]. The effects of these processes are manifested in 
both, the surface morphology and the chemical composition of the 
plastic particle. Yellowing, which is the result of the accumulation of 
degradation products of the polymer or from thermal stabilizers used [6] 
was only observed for LDPE, PS, PP film and rigid PP, but not for HDPE 
and recycled LDPE after composting [106]. In contrast, all analysed 
plastics developed new morphological features such as cracks, grooves, 
dents and holes, and a larger specific surface area [31,162,164]. In 
addition, hyphae, prokaryotic cells and organic as well as inorganic 
residues, such as titanium oxide Ca, Ba or silicates of the composted 
material were observed [31,58,165]. The attachments on the plastic can 
have large extensions, as, e.g., found for composted fruit stickers, where 
the volume was more than 550 times larger (3.52 × 106 μm3) than that 
of the original sticker (6.24 × 103 μm3). However, the intensity of sur
face changes did not depend on the duration of composting (11 or 25 
days after composting) [31], but rather on the thickness of the sample, as 
the type of surface changes varied between thicker (cracks, scratches 
and ploughing) and thinner samples (cracks and holes) [106]. Although 
the accumulation of material on the surface of plastics, similar to 
landfilled samples, might suggest an increase in weight, composted 
samples lost weight, which in turn was negatively correlated with 
sample thickness [106]. Thin plastic films lost more weight than rigid 
plastics [106]. For PE, however, the results on weight change were 
conflicting, as an insignificant weight gain was also observed, which 
may also be due to water absorption [30]. The FTIR spectra of com
posted plastics displayed the formation of O–H and C––O groups. In 
addition, the intensity of C–H bonds for PP and PS increased, probably 
due to chain scission. For HDPE, C–H deformation and stretching vi
brations, associated with alkene C––C groups, appeared [31,106]. 
Furthermore, PE revealed the formation of new peaks and changes in 
peak intensity in the 12,500 to 4,000 cm 1 region, indicating a decrease 
in methylene (CH2) groups, an increase in CH3 and C–H bonds, as well as 
an increase in O content (2.54 %) [30]. Similarly, the mean CI of 

chemi-crystallisation, forming new thin lamellae [149,150]. While these 
two processes typically result in increased crystallinity, a decrease in 
crystallinity, which was also observed in the reviewed studies, was 
potentially caused by increased cross-linking during the later stages of 
weathering or in the absence of O [6,151]. Degradation is also not 
confined to the amorphous phase alone. Over time, lamellae boundaries 
are affected, destroying the crystallites and resulting in a reduction of 
crystallinity after reaching a maximum during degradation [152].

While Tao et al. [142] reported a general decrease in mechanical 
properties of PET, PP and PE with increasing landfill time; other studies 
show more nuanced results. For example, tensile strength at break 
gradually decreased for LLDPE and LDPE after 24 months in landfills, 
while HDPE and PP showed no changes [56]. Compared to LLDPE and 
LDPE, HDPE is made up of linear chains with few branches, which al-
lows the chains to be packed more tightly, increasing density, mass, 
strength and rigidity [109]. However, after long-term storage in landfills 
(22 and 24 years, respectively), the tensile strength of both PE and PP 
decreased [85]. The percent elongation at break followed a different 
pattern: while it decreased for PE in both studies, Yu et al. [85] reported 
an increase in elongation for PP, whereas Breslin [56] noted a decrease. 
The elongation at break decreased for PE and increased for PP. An 
opposite trend was observed for the modulus of elasticity, which 
increased for PE and decreased for PP. The changes are highly depen-
dent on the polymer [152] and the time scale of environmental expo-
sure, as shown by the contrasting results reported by Breslin [56] and Yu 
et al. [85] for PP.

The degradation and subsequent alteration of plastics in landfills led 
to their fragmentation into smaller plastic particles, such as MPs [33]. 
The concentration of MPs in landfill refuse and leachate varied widely, 
ranging from 580 to 653,100 pieces kg 1 in refuse and 4 to 350 pieces 



3.2.3. Wastewater treatment plants
Worldwide, large volumes of wastewater are generated annually, 

amounting to 359.4 billion m3 per year. However, only 52 % of this is 
treated, with the remainder discharged untreated into the environment 
[168]. Wastewater contains high concentrations of plastics due to the 
direct release of MPs from personal care products, the release of syn
thetic fibres during laundering, and plastic particles released from other 
processes (e.g., tyre wear) and subsequently entering the wastewater 
system [26,169]. To reduce the concentration of plastics, solids and 
other pollutants in wastewater, WWTPs use a combination of physical, 
chemical and biological processes. The treatment process typically 
consists of five steps [170]. (1) In the preliminary stage, large debris are 
separated by screens of various sizes [171]. (2) In primary treatment, 
suspended solids are removed by physicochemical and chemical pro
cesses such as sedimentation, chemical coagulation or filtration [170,
171]. (3) The secondary treatment stage is effective for treating dis
solved organic matter and nutrients by microorganisms [171]. (4) The 
remaining pathogens and pollutants are removed in the tertiary treat
ment stage by physical and chemical processes such as filtration, ab
sorption, chlorination or advanced oxidation processes (AOPs) [172]. 
(5) Finally, the sludge produced is treated through various methods
[172,173].

A total of thirteen studies investigated plastic weathering during 
wastewater treatment, though none provided information on the dura
tion of the processes (Table 4, Table S4 and Fig. 7).

Likely, plastics have already been pre-altered during transportation 
when entering WWTPs. At the pre-treatment stage, mechanical stress 
leads to further physical degradation (Fig. 8). In the secondary treatment 
stage, organic material, including organic pollutants, is degraded by 
high microbiological activity under mainly aerobic conditions [171,
174], which also favours the biodegradation of plastic particles [175]. 
Among tertiary treatment processes used in WWTPs, mainly AOPs, 
which include the use of oxidants such as ozone, hydrogen peroxide and 
O, as well as catalysts and/or UV radiation, will lead to substantial 
alteration of plastics [172,176]. AOPs are used to remove persistent and 
toxic organic compounds by generating highly reactive hydroxyl radi
cals [172], which can also attack the polymer chains of plastics, leading 
to chain scission [176]. During wastewater treatment, MPs can be 
removed at rates of 23.5 % [177] to 94.0 % [178], with WWTPS having a 
third treatment achieving the highest removal rates [26]. All MPs 
removed from wastewater, however, end up in the sludge [177,178]. 
The plastic concentration of the wastewater and the sludge depends, 
hence, on the treatment, but also on the initial plastic load of waste
water, which in turn depends on the wastewater source and seasonality 
[179] (Table 4 and Table S4).

After wastewater treatment - regardless of whether removed from
wastewater and retained in sludge or staying in the treated water - 
plastics generally exhibit signs of weathering, such as uneven surfaces 
with grooves, dents, large cracks and small detached fragments, as well 
as biofilm formation [64,164,177,180–184]. In concordance, a larger 
specific surface area was observed for most plastic types [64]. The extent 
and nature of surface alterations of plastics retained in sludge largely 
depend on the specific sludge treatment method applied. Thermal dry
ing resulted in blistering, wrinkling, melting and fracturing [185,186], 
which is attributed to the high temperatures of up to 200 ◦C during the 
process [187]. In comparison, thermal hydrolysis created deep cracks on 
the surface of the MPs. Compared to the effect of thermal drying, the 
crack surface and edges were more blurred, and melting and spalling 
occurred, caused by the high pressure (6–9 bar) and temperatures 
(140–170 ◦C) [185,188]. These cracks allow for deeper degradation of 
the bulk polymer, potentially leading to the fragmentation of plastics 
[61,189]. Lime stabilisation is commonly used for the reduction of 
pathogens and odours by raising the pH to 12 [173], resulting in MPs 
with a more shredded and flaked appearance compared to plastics that 
underwent thermal drying [186]. Alkaline conditions foster hydrolysis 
as the hydrogen ions attack hydrolysable covalent bonds, leading to 

composted PP increased with increasing composting time from 1.15 ± 
0.12 to 1.25 ± 0.24 to 1.45 ± 0.24 (uncomposted, 11- and 25-day 
composted PP stickers, respectively), with significant differences (p < 
0.05) between the original and 25-day composted PP. These findings 
were confirmed by nano-CT imaging, which revealed an increase in the 
pore volume in PP stickers as composting progressed, from 16.7 % 
(original) to 21.3 % (11-day composted) and 26.3 % (25-day composted) 
[31].

Various plastics released particles during composting, the number 
was depending on the thickness of the material. Film-like plastics 
released more particles than more rigid PP and PS food containers [106]. 
The formation of MPs (size 30 and 95 μm) was also observed on PP fruit 
stickers, which was attributed to a delimitation process on the surface of 
the stickers [31]. This resulted in a 2.3–2.4-fold increase in the number 
of particles after composting compared to the feedstock, while the size of 
the particles found decreased, indicating fragmentation [162,164]. In 
addition, the crystallinity decreased from 43.3 % (original PE) to 42.0 % 
(composted PE), as did the elastic modulus, strain at break and elon-
gation at break. In contrast, the tensile strength at yield, the tensile 
strength and the stress at break increased [30]. These mechanical 
changes could be the reason for the physical fragmentation of the plastic 
into smaller particles. This suggests that the remaining material, 
although more brittle, may have become harder as in the course of the 
composting process.

While the conditions for digestion are similar to composting in terms 
of mechanical processes, such as screening and stirring [154], they differ 
significantly in terms of temperature and O availability (Table 3, 
Table S3 and Figs. 7 and 8). During digestion, temperatures are lower 
compared to composting and O is absent [30]. Oxidation processes due 
to the presence of O can therefore be excluded. However, other factors 
such as biodegradation, hydrolytic, thermal and chemical processes play 
a crucial role, especially in the presence of enzymes and anions, as 
already highlighted above for anaerobic conditions in landfills (3.2.1) 
[30]. These processes led to significant changes in the plastic particles. 
After digestion, PE revealed an increased roughness and delamination 
[30], simultaneously the increase in O content (9.35 %) exceeded that of 
composted PE samples. This was confirmed by IR spectra, where higher 
transmission values were recorded for C–H stretching and CH2 rocking. 
New peaks appeared, indicating O–H bending and C––C stretching for 
alkenes. Additionally, peaks corresponding to C–H bending of CH2 and 
CH3 groups were absent. Similar to composted PE, new functional 
groups formed in the near-IR range, with higher intensity observed for 
digested plastics compared to composted ones. Additionally, a decrease 
in CH2 groups and an increase in CH3 and C–H bonds were observed. 
DSC analysis revealed a decrease in crystallinity from 43.3 % (original) 
to 38.7 % (digested). And a second melting peak at 164 ◦C, which, in 
contrast to landfilled samples, did not indicate shorter polymer chains 
but rather material contamination [30]. The results of the mechanical 
tests reflected the same trend as for composted plastics. This deterio-
ration in mechanical properties contributes to particle fragmentation 
and a decrease in particle size [30]. However, the number of particles 
found after digestion depended on the feedstock. For example, the 
digestion of food waste resulted in a slight decrease in the number of 
particles, whereas the digestion of cow manure resulted in a slight in-
crease. Despite these variations, particle size consistently decreased in 
both processes [164]. In general, plastics that have already been 
pre-aged typically show stronger reactions to environmental exposure 
[166,167]. In concordance, plastics that were composted after the 
digestion process showed stronger alterations than plastics that under-
went either process alone. In detail, digested and composted PE had a 
higher O content (+10.0 %) and higher peak intensity than digested PE, 
while the peak formation in the IR spectra was similar. Also, a stronger 
decrease in crystallinity (36.4 %) and mechanical properties was 
observed for digested and composted PE, together with the appearance 
of a second melting peak [30].



limitation creates a gradient of oxidation, resulting in increased chain 
scission concentrated on the surface layer compared to the bulk. In 
contrast, O diffusion in thinner films is more uniform, allowing oxida
tion to affect both the surface and the bulk more evenly, leading to more 
severe cracking [198–200]. Besides UV radiation, temperature, and 
rainfall, soil properties such as organic matter content or texture affect 
photo-oxidation on the soil surface [102]. Despite almost identical 
temperatures, Gauthier et al. [102] observed that on a fine-textured soil, 
with 3.9 % organic matter, the total solar radiation dose to reach 
embrittlement was more than twice as high as on a coarser textured soil 
with a higher organic matter content (4.4 %). In a following laboratory 
study, the photo-oxidation increased with the presence of water and 
organic matter beneath the films [102]. Water droplets that condense on 
the underside of transparent films, due to soil moisture evaporation, 
scatter and reflect incident light [201], effectively increasing the light 
exposure to the film and accelerating photodegradation [102]. 
Conversely, water droplets that form on the surface of plastic parti
cles—whether from rain or irrigation—can function as both an O barrier 
and refractive element [202], as the transmission of light is reduced on 
average by 15 % compared with dry films [201]. Further, the rate of 
photo-oxidation reactions is strongly influenced by the availability of O 
[203,204], making O the limiting factor that ultimately controls the rate 
of photodegradation [202]. Organic matter displays complex behaviour 
in influencing ROS production, as it can either promote or inhibit ROS 
generation [205]. Photogeneration of hydroxyl radicals from organic 
matter has been observed to increase oxidation levels of plastic particles 
[129,206]. However, organic matter can also reduce photodegradation 
by scavenging ROS and acting as an optical filter, due to special mo
lecular structures of fulvic and humic acids, including chromophores 
such as aromatic ketones, aldehydes, quinones, and phenolic com
pounds, which block UV radiation from reaching the plastic surface 
[207]. Additionally, organic matter may inhibit plastic weathering by 
facilitating reactions of intermediate radical cations with itself, rather 
than with ROS [205,208]. It might also interact with plastic particles 
through chelation and hydrogen bonding, slowing photo-oxidation 
[209,210]. Beyond organic matter, other soil constituents, such as iron 
oxides (hematite > goethite), pyrite or clay (kaolinit > montmorrilite), 
significantly foster photo-oxidation of plastics [210,211], highlighting 
the critical role of soil constituents in the weathering of plastics. In the 
reviewed studies, LDPE films exhibited the formation of C––O functional 
groups and an increase in CI following soil surface exposure [80]. 
Notably, PE films of different colour showed differences in FTIR peak 
formation [66] and intensity [212]. White films developed distinct 
peaks reflecting the formation of alkoxyl, C––O, O–H, and diketone 
groups. In contrast, silver-black films showed the formation of alkoxyl 
and diketone groups, while black films exhibited only the formation of 
alkoxyl groups [66]. Diketone groups are not common in PE and may 
indicate the presence of additives [213]. In addition, film thickness had 
a significant influence, with thicker films showing less reduction in 
surface tension, tension strength and elongation at break than thinner 
films. This is due to an initial durability advantage, as thicker mulching 
films generally exhibit greater tension strength and elongation at break 
[105]. The properties of the LDPE films also varied depending on the 
sampling site. Differences in crystallinity, elemental composition (e.g. 
Ti, Si, Ca, S, Al) and dominant microbial taxa were observed, possibly 
due to variations in inorganic additives such as TiO2 [80].

In deeper soil layers, with the absence of sunlight [202], other 
degradation mechanisms dominate. Once incorporated into soils, plas
tics interact with a complex matrix of mineral and organic materials and 
varying levels of air and water within the soil pore spaces [214]. This 
soil composition largely determines the environmental conditions and 
influences specific factors affecting plastics through direct contact with 
surrounding soil constituents as well as soil organisms [202,215]. Me
chanical forces such as natural shrink-swell cycles, freeze-thaw cycles, 
soil erosion and abrasion, and human activities such as tillage and 
compaction act on plastic particles [216–218]. Tillage and erosion can 

chain scission and surface erosion [131,190], which presumably causes 
the different appearance. In contrast, anaerobic digestion favoured the 
weathering of plastics [185], with deep cleavage, micropores and fila-
ments, resulting in a large specific surface area that could act as 
attachment sites for microorganisms [164,186]. Aerobic composting of 
sewage sludge caused surface damage and erosion, with complex 
morphological changes such as tears and cracks [185]. But in contrast to 
composting of municipal waste, this did not lead to the fragmentation of 
larger plastics [185].

After sludge treatment, the FTIR spectra of PE and PP revealed the 
formation of C––O and O–H groups, as well as evidence of C–O 
stretching, C––C stretching, and C–H deformation. Similarly, PS dis-
played signs of C–H bending and C–O stretching, while PA exhibited a 
double peak in the 2350–2450 cm 1 region, likely associated with ma-
terial accumulation [64,178].

A 2D-COS analysis of MPs originating from sludge demonstrated that 
C–O and N–H functional groups played a more significant role in cad-
mium adsorption than C–H groups, explaining the enhanced heavy 
metal adsorption capacity observed in aged MPs due to physicochemical 
changes [64]. Heavy metals like Ti, manganese (Mn), cadmium (Cd), 
lead (Pb), and Co, as well as other elements like Ca, Fe, Na, Mg, Si, Cl and 
Al, were found to accumulate on the MP surface [64,185,191]. This 
accumulation is also fostered through the use of Al and Fe during the 
coagulation-flocculation process in many WWTPs [175].

The fragmentation of MPs is dependent on the respective sludge 
treatment process. For anaerobic digestion [164,185], thermal drying 
[178,179,185] and aerobic composting, no significant changes in par-
ticle number and therefore fragmentation could be observed [185]. In 
contrast, mechanical dewatering [164] and thermal hydrolysis [185] led 
to a significant increase in the number of MPs, with particle sizes 
decreasing notably after mechanical dewatering [164]. The fragmenta-
tion is presumably caused by forces excreted on the plastic particles 
during dewatering through filtration, compaction or centrifugation 
[173].

3.2.4. Soils
Plastic particles entering the soil environment may already be 

significantly altered due to prior degradation processes in the course of, 
e.g., sludge or waste treatment as described above (Fig. 8). Further 
degradation in the soil, which, unlike the controlled environments of 
composting and digestion facilities, WWTPs or landfills, varies with 
factors such as geographical location, weather and climate conditions 
(including temperature and moisture, day/night cycles and seasonal 
changes), but depends also on soil properties and soil management [152, 
192,193]. Further, the alteration is mostly dependent on the position 
within the soil profile. At the soil surface, plastics are directly exposed to 
sunlight, initiating photo-oxidative reactions [194]. This exposure can 
cause thermal oxidation as direct sunlight raises the surface temperature 
of plastics, especially for darker coloured plastics, above the ambient air 
temperature (up to 80 ◦C) due to heat build-up [195–197]. The com-
bined effect of temperature and UV exposure produces a synergistic 
acceleration in the rate of plastic weathering [12,198]. In addition, 
particularly in urban environments, ozone and other air pollutants can 
promote further weathering processes [109,199] (Fig. 8).

The exposition of plastics on the soil surface led to weathering in the 
form of cracks and holes, which was dependent on the colour of the film, 
with white films showing more surface changes compared to silver-black 
and black films [66]. At the same time, the thickness of the film, which 
was also detrimental during composting, was an important factor, as the 
susceptibility to surface alterations like cracks increased with decreasing 
thickness of the film. In detail, thicker films (0.015 and 0.010 mm) 
showed only small dot cracks, whereas thinner samples (0.008 and 
0.006 mm) showed a large number of blocky cracks of larger diameters, 
indicating increased weathering in a domino effect [105]. As oxidation 
processes depend on the diffusion rate of O through the polymer, thicker 
samples are more likely to experience diffusion limitations. This 



soil constitutes, such as C, N, O, Fe, Ca, K, Mg, Al, and Mn, to additives, 
like Ti and Br (used in plastic production) and other elements such as 
arsenic (As), Cr, Cd, Cu, Pb, Sn (Tin) and Zn [37,86,227,232–235]. The 
concentration of found elements accumulating on the surface generally 
increases with increasing exposure time [236] and depends also on the 
polymer type [237]. In particular, the atomic proportions for O dis
played a high variability for the different polymer types, ranging from 
11.3 % to 26.4 % [227]. The resulting O/C ratios were 0.366 (PP), 0.321 
(PS) and 0.264 (PE), indicating the highest weathering status of PP from 
soil [227]. FTIR spectra of PE revealed the formation of C––O and O–H 
groups together with C–H bending and deformation and C–O stretching, 
indicative of oxidative processes. Spectra of PP, PS and PVC showed 
evidence of C––O stretching, with additional contributions of O–H and 
C–O stretching observed in PP [40,81,91,226,231,234]. A peak at about 
1030 cm 1 in both PE and PP was attributed to the attachment of 
polysaccharides [226] or clay particles [234] on the polymer surface. 
The width of the peak at 1100 cm-l (O–H and C––O) increased with time 
for PE [91]. Miao et al. [238] also observed halogen-associated ab
sorption peaks in FTIR spectra of PE, which might be due to the 
adsorption of halogenated contaminants. Interestingly, different parts of 
the same samples showed different band formations, indicating the 
heterogeneous conditions in the soil environment. The whitened part of 
a PE film displayed peak formations at 1715 cm-l (C––O) and 1640 cm-l 

(C––C), as signs of biodegradation, which were not observed on the 
transparent part. Both parts showed the formation of hydroperoxide 
(3600 cm 1) while the intensity of the broad hydroxy peak (3400 cm 1) 
was stronger for the whitened part [93]. The formation of polar groups 
through weathering processes was also observed through shifts and in
tensifications of the dielectric loss peaks of LDPE [81], as well as the 
WCA. The WCA of two LDPE films gradually decreased with time during 
soil burial, showing similar trends in two different soils with no signif
icant effect of film thickness [74]. Film thickness, however, significantly 
affected the intensity of the asymmetric (2910-2920 cm-1) and sym
metric (2840-2860 cm-1) stretching bands in PE, with thicker films 
showing higher peak intensities [105]. While in contrast to the other 
studies no new functional groups were detected in any of the films [105,
239], all films showed a reduction in the intensities of the asymmetric 
and symmetric stretching bands, bending vibration peaks (1450-1480 
cm 1), CH2 as well as CH3 peaks. Notably, these intensities decreased 
less for thicker films over time [81,105]. PVC MPs displayed a reduced 
intensity at 1720 cm 1, suggesting possible volatilisation of phthalate 
ester, although no conclusive evidence of weathering was observed 
[93].

With increasing soil exposure time, both the vinyl index [86] and the 
HI [86,240] increased. Keto carbonyl, ester carbonyl, vinyl bond and 
internal double bond index did not change significantly after 27 months 
of soil burial in two different soils [74]. The CI did not show a consistent 
trend across studies. Yang et al. [86] and Uzamurera et al. [239] found 
no significant difference in CI, whereas Bai et al. [240] observed a 
gradual increase and Mumtaz et al. [81] a decrease in CI with prolonged 
exposure time. Film thickness did not significantly affect CI, as films of 
different thicknesses did not show significant differences after identical 
exposure times [105,239]. Similarly, different plastic concentrations did 
not result in measurable differences in CI [224]. Interestingly, soil depth 
had a variable effect on plastic weathering. For example, PP and PE had 
the highest CI at a depth of 15–20 cm, while PET had the lowest CI at this 
depth compared to 0–5 cm and 30–35 cm. PS, on the other hand, had a 
significantly lower CI at 30–35 cm compared to other depths [226]. The 
impact of soil burial on crystallinity varied based on soil type. In two 
soils, burial resulted in a decrease in crystallinity [66,74], while in two 
other soils, no significant changes were observed [74,81]. The decrease 
in crystallinity was also influenced by the thickness of the film, with 
thinner films showing greater reductions [74].

The crystallinity of a transparent part of an LDPE sample was higher 
than that of a more degraded, whitened part of the same samples [93], 
which could reflect the latter stages of weathering due to cross-linking 

bring plastic particles back to the soil surface, where they are re-exposed 
to sunlight. During the termination phase of the initial photo-oxidative 
processes, functional groups such as olefins, aldehydes and ketones 
are formed within the polymer, making it more susceptible to further 
degradation as these groups are highly photolabile [122,199]. Plastic 
weathering in soil is influenced by several key factors, including tem-
perature, water content, pH and residence time [219–221] (Table 5, 
Table S5 and Figs. 7 and 8). These varying conditions are also evident in 
the 29 studies reviewed, where exposure durations ranged from 3 
months to 37 years. Notably, most studies spanned less than 10 years 
(Fig. 7). Within the soil, water content controls processes such as hy-
drolysis, solute transport and also microbial activity, with low and high 
moisture levels slowing down degradation processes [219]. In addition, 
water can penetrate the weathered surface layers of plastics, potentially 
causing swelling. This swelling behaviour may differ from the under-
lying bulk polymer, and after repeated wetting and drying cycles, it can 
lead to delamination of the surface layer [6,222]. Further, hydrolysis is 
influenced by pH [131], as under acidic or alkaline conditions, hydro-
lysable covalent bonds in plastics are attacked, which increases the rate 
of hydrolysis compared to neutral conditions [190,222]. Temperature 
accelerates weathering by enhancing chemical and biochemical re-
actions, with higher temperatures accelerating microbial activity and 
reaction rates [220]. On the other hand, extremely low temperatures 
below the glass transition temperature of the respective plastic will lead 
to brittleness and facilitated fracture and fragmentation [109]. In 
managed soils, the presence of agrochemicals might foster weathering 
processes [223]. The complex interaction of all named factors affects the 
rate and extent of plastic weathering in different soils.

At a macroscopic level, transparent LDPE films became opaque, 
brittle and eventually fragmented during soil burial. In detail, black 
LDPE films lost their gloss, perforations formed and the white films 
showed signs of yellowing [81,212]. Initially, virgin plastics exhibited a 
smooth surface [41,91,179,224], while virgin films containing a variety 
of additives had a rougher surface structure [66]. After soil burial, 
plastic surfaces exhibited signs of extensive weathering, including 
scratches, holes, cracks and depressions, which resulted in increased 
surface roughness [40,133,179,183,224–226]. The degree of weath-
ering increased with increasing burial time [86]. Additionally, the 
detachment of small flakes was observed, as a result of a major erosion of 
the amorphous regions of PE [41,81,91,227]. Several studies observed 
honeycomb structures due to additive leaching under moist soil condi-
tions [66,93,227]. For phthalic acid esters, for example, up to 38 % of 
bulk material was released into the soil after two years of soil exposure 
[105]. The position in the soil body and the contact with the soil matrix 
also play a decisive role: LDPE samples from 10 cm depth had many 
holes and part of the film lost its shape as well as a higher degree of 
whitening compared to samples from deeper soil layers (40–60 cm) 
[93]. In general, soil microbial biomass and diversity correlate with the 
availability of C substrates, which are typically the highest in soil surface 
layers, resulting in higher microbial activity and degradation potential 
in topsoil compared to deeper soil layers [228,229]. The observed gar-
den soil, however, had similar conditions (moisture, pH) in the two soil 
layers, with an even higher percentage of organic matter in the lower 
soil layer [93]. Therefore, other factors such as temperature or aeration 
of the upper soil layer might influence microbial activity and, therefore, 
biodegradation of plastics [214]. Plastics that were in direct contact 
with soil had severe degradation and whitening, whereas the other part 
was still transparent. In addition, a lot of holes (20–200 nm in diameter) 
passing through LDPE films, a variety of hyphae and ditches as a result of 
the metabolic action of bacteria occurred [93]. Other studies also 
observed the colonisation of plastics with a variety of fungal organisms 
and bacteria [41,44,58], associated with organic matter, clay and soil 
aggregates on the surface [226,230,231]. Interestingly, fungi developed 
germinating spores and conidiophores, which indicates fungal repro-
duction [44]. The attachments of various structures and substances are 
also reflected in the variety of elements found that could be assigned to 



reacting with O [151], which reduces the crystallinity in PE films [66].
Both exposure types significantly reduced the tensile strength of 

white film (0.006 mm thick). However, the tensile strength of black and 
silver-black films (0.012 mm thick) decreased on soil surface exposure, 
but increased during soil burial, likely due to crosslinking, which can 
temporarily enhance strength. However, elongation at break declined 
for both black and silver-black films (0.012 mm thick) in both treat
ments, with a more substantial decrease observed under soil surface 
exposure [66].

The loss of mechanical properties observed both on the soil surface 
and within the soil was also evident in the fragmentation of plastics, 
widely utilised in various agricultural practices [194]. The concentra
tion of plastic particles found in the soil increased with increasing 
duration of plastic mulching [86,231,236,238,240]. Typically, the 
highest concentrations of plastics were found in the top 10–20 cm of soil, 
gradually decreasing with depth, as they were applied on the soil surface 
[236,239]. However, in fields that have been mulched for long periods, 
plastic concentrations tend to increase in deeper soil layers, indicating a 
slow downward migration of particles over time [212]. In addition, 
smaller plastic particles became more abundant with longer mulching 
durations, suggesting ongoing fragmentation of larger pieces [212,240]. 
This fragmentation might be affected by factors such as film thickness - 
where thinner films produced more MPs [239] - and local climatic 
conditions [91].

4. Conclusion & implications

4.1. Methodological recommendation

To fully assess changes of plastics during weathering, we recommend 
using multimodal approaches, which are already used in many studies 
(e.g., [30,31,66]). Non-destructive techniques such as spectroscopic 
methods, light microscopy, X-ray CT and environmental SEM are 
particularly valuable as they preserve the integrity of the plastic parti
cles (Fig. 9). In contrast, thermal, mechanical and chromatographic 
methods involve the destruction or modification of the particles, making 
non-destructive methods preferable as initial tools for property deter
mination, before applying destructive methods. As important as the 
methods used for the analysis, the extraction can be decisive for a reli
able characterisation of plastic weathering. It can damage and modify 
the polymer structure and may hence lead to an overestimation of plastic 
weathering. We, therefore, recommend avoiding extraction procedures, 
but if necessary, using a gentle extraction protocol and additionally 
using pristine particles during extraction as a control. Furthermore, to 
obtain more reliable results that account for the heterogeneous condi
tions within most systems, it is advisable to increase the number of 
replicates, both in terms of particles analysed and measurements per 
particle. This will allow more robust statistical evaluation, such as the 
calculation of CI based on multiple FTIR spectra of different plastic 
particles [31].

A major challenge is the lack of standard protocols or guidelines 
which exist for, e.g., tensile testing (ISO and ASTM) [101], but are 
missing for many commonly used methods. This problem is particularly 
pronounced in the calculation of indices from FTIR spectra. Even in 
protocols where CI is used as a parameter to assess biodegradability (e. 
g., PAS 9017:2020), the calculation method is not clearly defined [72]. 
As a result, CIs from different studies are hardly comparable [71,72].

For other techniques, such as SEM, standardisation is inherently 
difficult as optimal settings depend on the research question and type of 
plastic (Figs. 2–4). To improve reproducibility and comparability, we 
strongly recommend providing a detailed description of methodology 
and instrument settings or aligning with existing studies for consistency. 
In particular, all polymer samples should be coated with a thin layer of 
carbon (5–10 nm) to enhance electrical conductivity without interfering 
with elemental detection, ensuring optimal imaging and analysis. In 
addition, we advocate the use of low-energy SEM with acceleration 

[6]. This was also reflected in the initial oxidation temperature, which 
decreased in both sections compared to a fresh film. However, the 
oxidation temperature of the transparent section of a buried LDPE 
sample was about 15 ◦C lower, while the more degraded, whitened 
section showed an even greater reduction of about 25 ◦C [93]. Similarly, 
Berenstein et al. [40] reported a decrease in fusion enthalpy for all 
soil-derived plastic films, reflecting the changes in thermal properties. 
Soil burial resulted in a decrease in viscosity average molecular weight 
over time, with reductions of approximately 7.0 % after three years and 
13.8 % after five years. While the high molecular weight fraction 
showed a marked decrease, correlating with the time spent buried in 
fluvo-aquic and phaeozem soils, the low molecular weight fraction 
remained relatively stable throughout the burial period [91]. Despite 
the change in molecular weight, studies on LDPE films exposed to soil 
have shown mixed results for weight loss over time. Two studies did not 
find apparent weight loss for most LDPE films in soil exposure under 
various conditions [74,81]. The exception was a 0.05 mm-thick, trans-
parent LDPE film, which began to lose weight after 9 months, eventually 
losing 10 % of its weight by 16 months [81]. Conversely, Uzamurera 
et al. [239] found earlier weight loss in LDPE films, with reductions 
observed as early as 6 months. By 24 months, thinner LDPE films (0.010 
mm) had lost 3.08 % of their weight, significantly more than thicker 
films (0.016 mm), which lost 1.71 % [239]. The results suggest that the 
thickness, the exposure time and the type of soil may have different 
effects on the weight change of LDPE.

The load-extension curves showed that as soil burial time increases, 
PE samples break more readily. Across all samples, the percentage strain 
at maximum load reached its lowest values after 15–17 months of burial. 
Additionally, maximum stress (N mm 2) declined to its minimum within 
3 and 13 months, depending on the specific sample type [81]. Similarly, 
the nominal tensile strain at breaking for two LDPE films (0.005 mm and 
0.010 mm thick) decreased significantly after 30 months of soil burial, 
with a slightly greater decline in loess orthic Entisols compared to 
loess-like loam soil [74].

Liang et al. [66] compared buried and surface-exposed plastic films, 
revealing notable differences in their properties. For instance, the peak 
intensity of the asymmetric C–H stretch (CH2) decreased by up to 76.6 % 
for films aged on the soil surface, compared to a 29.0 % reduction for 
those buried in the soil, which was attributed to carbon-chain breakage 
caused by free radical attack [66]. Additional XPS analysis revealed an 
increase in initially low O/C ratios after both soil-surface and soil-burial 
exposure. Interestingly, the different films responded variably to envi-
ronmental exposure. White and black films showed higher O/C ratios in 
soil-surface weathering than in soil-burial, while silver-black films 
showed the opposite pattern. During weathering, initial C–O groups 
gradually formed and partially oxidised to C––O groups, with this 
oxidation process accompanied by a reduction in C–C bonds. White film 
was most susceptible to oxidation and showed the highest levels of C–O 
and C––O in both virgin and aged samples, which might be due to its 
lower thickness (0.006 mm thick) compared to the other two films 
(0.012 mm thick). White and black films were more affected by soil 
surface exposure, whereas silver-black film formed fewer oxygenated 
groups on the surface, probably due to its high reflectivity to sunlight 
[66]. Despite increased O/C ratios, white (0.006 mm thick) and black 
(0.012 mm thick) films showed an increase in WCA after 12 months of 
soil surface exposure. Whereas the WCA of all three samples decreased 
consistently with soil burial time, aligning with findings from Han et al. 
[74]. This variation was attributed to increased crystallisation in the 
surface-exposed samples compared to untreated reference films [66]. 
Films exposed on the soil surface exhibited an increase of crystallinity 
for white (0.006 mm thick) and black (0.012 mm thick), but not for 
silver-black LDPE films [66]. Differences in crystallinity were attributed 
to the lack of O in soil [66]. O diffuses primarily through amorphous 
regions, promoting chain scission and enhancing chain mobility, which 
fosters chemi-crystallisation [152,241]. When O is scarce, the likelihood 
increases that polymer radicals combine, creating a crosslink rather than 



voltages below 5 kV, preferably below 1 kV, to minimise radiation 
damage when analysing sensitive or non-conductive samples.

4.2. Data availability

Our review shows that the frequency of polymer analysis in existing 
studies largely correlates with production volumes, with PE and PP 
being the most commonly studied [2]. However, several other widely 
produced polymers remain understudied or unstudied in certain 
terrestrial environments. This highlights the need for a more balanced 
research focus on commercially significant polymer types. In addition, 
identification of the specific polymer type in weathering studies is 
crucial to account for polymer-specific degradation patterns and ensure 
more accurate assessments of environmental behaviour. A strong 
geographical imbalance was also evident, with studies from Asia and 
Europe accounting for over 88 % of the total reviewed. This imbalance is 
particularly relevant as waste management practices—and consequently 

the weathering of plastics in landfills, composting and digestion plants, 
and WWTPs—are influenced by national regulations, prevailing tech
nologies and regional waste compositions, which vary substantially 
between regions and countries [20,243]. Additionally, when plastics 
enter soils, climatic factors, like moisture and temperature, play a 
crucial role in determining the extent and type of weathering [152]. 
Geographical differences also extend to agricultural practices, particu
larly in regions where mulch films are commonly used [244]. In arid 
areas, for example, these films are often exposed to high levels of UV 
radiation and heat build-up, resulting in accelerated and distinct 
weathering patterns compared to other environments [198]. This 
highlights the need for more studies conducted across different 
geographic regions to fully understand the variability in plastic weath
ering processes [245].

Fig. 9. Idealised workflow and different analysis methods. Destructive methods are highlighted in red. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)



plants or soil organisms [251].
The fragmentation of larger plastic ultimately leads to the formation 

of numerous smaller particles, finally down to the submicron range. 
Especially such submicron plastics are problematic as they harm soil 
biota, can be taken up by plants and are transported through the food 
chain, resulting in exposure, and at the same time, adverse effects on 
humans [252–254]. Research on environmental nanoparticles has 
shown that the uptake, translocation and accumulation of particles in 
plants depends on several factors, including the properties of the particle 
itself (summarised in Jia et al. [255]). The main controlling factor for 
the uptake of submicron plastics is likely particle size, as small nano
particles of 20 nm size were more susceptible to plant uptake than larger 
particles [253,256]. This plant uptake is mainly dependent on size 
exclusion limits for particles entering whole plants (<30–60 nm) [255] 
or biological cells of plants with a plant-specific size exclusion limit of, e. 
g., 10 nm [257,258]. Various studies have confirmed the plant uptake of 
nanoplastics, such as lettuce and chicory [253,254,256], as recently 
reviewed by Zhou et al. [259]. Further, the zeta potential influences the 
uptake and transport of engineered nanoparticles, i.e., the higher the 
negative charge of the nanoparticle the higher the uptake and trans
location by the plant. For plastics, the zeta potential is influenced by 
polymer type, additives, and surface alterations from weathering. In a 
laboratory experiment with PET fibres, for example, prolonged exposure 
to soil led to increased surface negativity over time [108]. Consequently, 
weathering is expected to enhance the uptake of plastic particles by 
plants, potentially introducing them into the food chain.

However, plant uptake requires that the particle is bioavailable in 
soil. Particles, occluded in soil aggregates, might be protected from plant 
uptake but also from weathering, as not or at least less accessible [260,
261]. Hence, such aggregate occlusion might substantially affect the 
weathering of plastics in soil, with yet unknown consequences.
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4.3. Environmental implications

In general, weathering in different terrestrial environments resulted 
in similar changes in plastics. Surface changes were observed in all 
plastics regardless of the environment, along with the formation of 
oxygenated functional groups as detected in FTIR spectra. However, 
specific functional groups differed depending on the environment: 
diketone groups were formed in PE during soil surface exposure [66], 
while cyclic C–O–C bonds and CH––CH2 appeared in BOPP and PP after 
landfilling [73]. Trends in CI and HI were inconsistent for PP and PE 
during soil and landfill exposure. An increase in CI was observed for PS 
after landfilling [84] and for PP after composting [31]. Crystallinity 
showed different patterns: it increased during soil surface exposure [66], 
but decreased during composting and digestion for PE [30]. For landfill 
and soil burial, changes in crystallinity were inconsistent and dependent 
on the polymer type, exposure time and soil conditions [74,81,85,132]. 
The mechanical properties of PE and PP also varied significantly be-
tween environments. The most significant factor influencing weathering 
was the thickness of the plastic. Thinner plastics, regardless of the 
polymer type and environmental system, exhibited more pronounced 
surface changes [105,106] greater loss of mechanical properties [105] 
and greater percentual weight loss [106,239], along with higher particle 
release [106,239]. In addition, thinner PE films showed a greater 
reduction in bending vibration peaks (1450-1480 cm-1), a reduction in 
CH2 and CH3 peaks [81,105] and a greater loss of crystallinity [74] 
compared to thicker films. Another factor influencing weathering was 
the colour of the plastics. PEs with different colours - and consequently 
dyes with different elemental compositions - showed differences in 
surface changes [66,98], FTIR peak formation and intensity [66,212], 
microbial colonisation [80] and variations in DSC thermogram patterns 
[98]. Our results highlight the limited understanding of plastic weath-
ering, particularly in terrestrial environments.

Plastic weathering in the terrestrial environment is governed by 
complex conditions that cannot be fully controlled or replicated in 
laboratory studies [152]. Consequently, common methods for esti-
mating polymer lifetimes, such as Arrhenius extrapolation from accel-
erated weathering data or extrapolation from initial rates measured 
under environmentally relevant conditions, have limited validity due to 
significant and often poorly justified assumptions [16]. Similarly, frag-
mentation under lab conditions and in the environment varies. Du et al. 
[246] for instance found that the generation of plastic particles (<20 
μm) from weathered, environmentally collected plastic particles (1–5 
mm) in laboratory experiments was more than twice as high as in cor-
responding sediment samples. Long-term studies are essential to eluci-
date the weathering behaviour of plastics in these environments. Most of 
the long-term data in the reviewed studies come from landfills, where 
operational records provide valuable insights into the persistence of 
plastic particles, with maximum durations of 60 years reported [139]. In 
contrast, soil exposure studies have analysed plastics buried for a 
maximum of 32–37 years [93]. Despite the challenges in determining 
the exact age of plastics in soils, such data are essential for under-
standing the behaviour of plastics in the environment, particularly as 
soils act as a major sink for plastic debris [19] and the fate of plastics in 
soils is more complex than in other environmental systems.

Weathering of plastics typically leads to an increase in surface 
roughness and surface area [64,84,164], which presents a higher 
adsorption capacity for the sorption of several toxic organic pollutants 
[247]. In addition, the formation of new functional groups plays an 
important role in the accumulation of pollutants, such as heavy metals 
[64] and the attachment of microorganisms [141], some of which are 
potential pathogens [44]. The plastisphere [248] on the surface of a 
weathered particle is a specific ecological niche where microbial com-
munities are distinct from the surrounding terrestrial environment [249, 
250]. Fragmented particles of smaller size have a higher surface area to 
volume ratio, leading to an even greater increase in adsorption capacity 
[109] and an increased function as a ’Trojan horse’ when taken up by

http://www.knmf.kit.edu
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Macro, meso, micro and nanoplastics in horticultural soils in Argentina: 
Abundance, size distribution and fragmentation mechanism, Sci. Total Environ. 
906 (2024) 167672, https://doi.org/10.1016/j.scitotenv.2023.167672.

[41] T. Mumtaz, M.R. Khan, M.A. Hassan, Study of environmental biodegradation of 
LDPE films in soil using optical and scanning electron microscopy, Micron 41 
(2010) 430–438, https://doi.org/10.1016/j.micron.2010.02.008.

[42] M. Mueller, Introduction to Confocal Fluorescence Microscopy, second, SPIE 
Press, Bellingham, Wash., 2005.

[43] G.C. Cox, Optical Imaging Techniques in Cell Biology, second ed., CRC/Taylor & 
Francis, Boca Raton, 2012 (Online).

[44] G. Gkoutselis, S. Rohrbach, J. Harjes, M. Obst, A. Brachmann, M.A. Horn, 
G. Rambold, Microplastics accumulate fungal pathogens in terrestrial ecosystems, 
Sci. Rep. 11 (2021) 13214, https://doi.org/10.1038/s41598-021-92405-7.

[45] B. Nguyen, N. Tufenkji, Single-particle resolution fluorescence microscopy of 
nanoplastics, Environ. Sci. Technol. 56 (2022) 6426–6435, https://doi.org/ 
10.1021/acs.est.1c08480.

[46] K.D. Vernon-Parry, Scanning electron microscopy: an introduction, III-Vs review 
13, 40–44, https://doi.org/10.1016/S0961-1290(00)80006-X, 2000.

[47] P.W. Hawkes, J.C.H. Spence, Springer Handbook of Microscopy, Springer 
International Publishing, Cham, 2019.

[48] L. Sabbatini, E. de Giglio, Polymer Surface Characterization, De Gruyter, 2022.
[49] L.C. Sawyer, D.T. Grubb, G.F. Meyers, Polymer microscopy, in: Softcover Version 

of Original Hardcover Edition, third. ed, Springer New York, New York, NY, 2010.
[50] J.I. Goldstein, D.E. Newbury, J.R. Michael, N.W. Ritchie, J.H.J. Scott, D.C. Joy, 

Scanning Electron Microscopy and X-Ray Microanalysis, Springer New York, New 
York, NY, 2018.

[51] B. Qiao, G. Teyssedre, C. Laurent, Electroluminescence and cathodoluminescence 
from polyethylene and polypropylene films: spectra reconstruction from 

Karlsruhe Institute of Technology (KIT, www.kit.edu).

Data availability

Data will be made available on request.

References

                         

Waste Manag. 193 (2024) 283–292, https://doi.org/10.1016/j. 
wasman.2024.11.043.

http://www.kit.edu
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.scitotenv.2020.139985
https://doi.org/10.1016/j.scitotenv.2020.139985
https://doi.org/10.1016/j.envpol.2023.122926
https://doi.org/10.1016/j.envpol.2023.122926
https://doi.org/10.1016/j.marpolbul.2017.01.082
https://doi.org/10.1021/es00011a003
https://doi.org/10.1021/jf801545h
https://doi.org/10.1016/j.scitotenv.2023.164035
https://doi.org/10.1016/j.scitotenv.2023.164035
https://doi.org/10.1016/j.chemosphere.2023.137744
https://doi.org/10.1007/s11783-023-1700-6
https://doi.org/10.1007/s11783-023-1700-6
https://doi.org/10.1016/j.trac.2024.117566
https://doi.org/10.1016/j.trac.2024.117566
https://doi.org/10.1007/978-3-319-01327-5_1
https://doi.org/10.1016/j.marpolbul.2022.113761
https://doi.org/10.1016/j.marpolbul.2022.113761
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1007/s10311-024-01731-5
https://doi.org/10.1021/acs.chemrev.2c00750
https://doi.org/10.1021/acs.chemrev.2c00750
https://doi.org/10.1016/j.scitotenv.2023.163294
https://doi.org/10.3390/geosciences9100431
https://doi.org/10.1016/j.wasman.2018.03.043
https://doi.org/10.1016/j.scitotenv.2024.177226
https://doi.org/10.1016/j.scitotenv.2024.177226
https://doi.org/10.1016/j.wasman.2024.11.043
https://doi.org/10.1016/j.wasman.2024.11.043
https://doi.org/10.1007/s12649-022-01870-2
https://doi.org/10.1016/j.watres.2018.12.050
https://doi.org/10.1021/acs.est.8b01517
https://doi.org/10.1021/acs.est.8b01517
https://doi.org/10.1186/s43591-021-00009-9
https://doi.org/10.1186/s43591-021-00009-9
https://doi.org/10.1016/j.scitotenv.2022.154824
https://doi.org/10.1016/j.scitotenv.2022.154824
https://doi.org/10.1016/j.polymdegradstab.2018.10.014
https://doi.org/10.1016/j.polymdegradstab.2018.10.014
https://doi.org/10.1021/acs.est.3c08734
https://doi.org/10.1111/1462-2920.16234
https://doi.org/10.1111/1462-2920.16234
https://doi.org/10.1016/j.scitotenv.2020.143649
https://doi.org/10.1016/j.scitotenv.2020.143649
https://doi.org/10.1016/j.ecoenv.2024.117428
https://doi.org/10.1016/j.ecoenv.2024.117428
https://doi.org/10.3390/min12020269
https://doi.org/10.1021/acs.est.7b03055
https://doi.org/10.1007/s11270-024-07664-7
https://doi.org/10.1016/j.scitotenv.2023.167672
https://doi.org/10.1016/j.micron.2010.02.008
https://doi.org/10.1038/s41598-021-92405-7
https://doi.org/10.1021/acs.est.1c08480
https://doi.org/10.1021/acs.est.1c08480
https://doi.org/10.1016/S0961-1290(00)80006-X


elementary components and underlying mechanisms, J. Appl. Phys. 119 (2016) 
024103, https://doi.org/10.1063/1.4939824.
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