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Abstract

Although microplastics are ubiquitous in today’s natural environments, our understanding of the materials,
quantities, and particle sizes involved remains limited. The recovery of microplastics from different types of
environmental matrices requires standardized matrix digestion protocols that allow inter-laboratory comparisons
and that have no effect on the polymers themselves. A number of commonly used digestion methods rely on
oxidation with concentrated hydrogen peroxide solutions to remove organic matter from the matrix. However, this
can alter the nature of polymers through hydrolysis and often does not lead to a complete matrix removal. We
have therefore investigated the use of two altered matrix digestion protocols, an acidic (Fenton) protocol and a
new alkaline (Basic Piranha) protocol, focusing mainly on the effect on biodegradable polymers (polylactide,
polybutylene adipate terephthalate, polybutylene succinate) and polymers with known degradation pathways via
hydrolysis (thermoplastic polyurethanes, polyamide). Comparing the initial surface textures, chemical compositions,
and particle size distributions with those obtained after digestion revealed that the Fenton protocol left most of the
polymers unchanged. The ferrous residue that remains following Fenton digestion had no effect on either the
polymer composition or the particle size distribution, but could disturb further analytics (e.g. Raman microscopy
due to auto-fluorescence). While increasing the chance of complete matrix removal, the more powerful Basic
Piranha protocol is also more likely to affect the polymer properties: Polylactide polymers in particular showed signs
of degradation under alkaline digestion (reduced polylactide content, holes in the polymer matrix), indicating the
unsuitability of the Basic Piranha protocol in this specific case. Polyamide, however, remained stable during the
Basic Piranha treatment, and the surface chemistry, the particle size as well as the molar mass distribution of the
investigated thermoplastic polyurethanes were also not affected. Hence, this protocol offers a powerful alternative
for microplastic analysis with focus on particle size in more complex environmental matrices (e.g. removal of
cellulose in soil), while avoiding ferrous Fenton residue. Unexpectedly, also tire rubber, a frequent target analyte in
microplastic monitoring, was found to be susceptible to artefact structures by both oxidation protocols. In
summary, controls for the specific combination of polymer and sample preparation protocol are highly
recommended to select the most fitting protocol. Here selected suitable combinations are reported.
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Introduction
The global production of plastics in 2018 reached 359
million tonnes [1] which sparks an increasing concern
about microplastic pollution; specifically regarding
possible hazards and risks to the environment and to
human health [2–5]. Microplastics are defined as solid
plastic particles smaller than 5 mm [6, 7]. In December
2015 the U.S. government enacted a public law to re-
strict the addition of microplastics to rinse-off cosmetic
products, in order to prevent their eventual release into
the environment after application [8]. The European
Chemical Agency (ECHA) published a restriction pro-
posal for microplastics deliberately added to consumer
products in January 2019 [9]. These primary microplas-
tics are already within the defined size range from the
beginning of their lifecycle; secondary microplastics
result from the fragmentation of macroplastics, but are
not yet included in the proposed ECHA restriction [6, 10].
A possible derogation in the restriction is the use of
biodegradable polymers to encourage the development
and use of biodegradable alternatives [9, 11].
Plastics and microplastic particles have been reported

in a whole range of environmental matrices such as soils,
[12, 13] sediments, composts, and aqueous media [3,
12–15] including marine, [15, 16] freshwater, [17, 18]
waste water, [14, 19] and sewage sludge systems [20, 21].
High levels of uncertainty remain, however, concerning
the materials, quantities, and particle sizes involved.
Methods for microplastic extraction and analysis are yet
to be standardized, which is one reason for these high
levels of uncertainty [15, 17, 22]. Extraction protocols
currently rely on sieving, density separation, and organic
matrix digestion (Fig. 1a), [19, 20, 23–25] with the
matrix digestion being one of the most critical steps.
The digestion protocol can affect polymers depending
on the chemicals used (Fig. 1b), [25–27] resulting in the
degradation, fragmentation, and/or dissolution of parti-
cles and thereby having a significant influence on analyt-
ical results.
Matrix digestion protocols previously reported in-

clude acidic oxidation with Fenton reagent (using
hydrogen peroxide as an oxidant and iron (II) as a
catalyst) [19, 28–30] and alkaline oxidation using, for
example, potassium hydroxide [24, 31] or sodium
hydroxide [32]. Hydrogen peroxide is often used to
remove organic matter [31, 33, 34]. Basic Piranha (a
combination of hydrogen peroxide and ammonia)
[35–38] is a possible alternative and stronger oxidiz-
ing reagent that leaves no ferrous residue, unlike the
Fenton reagent [19, 28–30]. Enzymatic digestion is
also often used [39, 40], but when targeting fragments
of biodegradable polymers that are deliberately de-
signed to be degraded by enzymes the use of enzymes
for their extraction would be disadvantageous.

Although hydrogen peroxide oxidation is known to
affect polyamide (PA) and polystyrene particles, [18, 25,
34] the resulting changes in polymer properties have
barely been investigated. Only a limited number of in-
vestigations have focussed on the influence of oxidation
on particle properties, mostly on particles of common
polymers such as polyethylene, [25, 31, 33] polypropyl-
ene, [34] polyamide, [41] polyvinyl chloride, [41] and
polystyrene [26, 31]. While polyolefins appear to be re-
sistant to oxidizing agents, polyamides have been shown
to be affected under certain conditions [25, 42]. Hurley
et al. documented a loss in particle size of 33.4 ± 47.2%
following treatment with 30% hydrogen peroxide solu-
tion at 70 °C [25]. However, the results of investigations
into polymer oxidation stability that have considered
only polymer pellets and no powders may be biased, [25,
39, 43] since powders are likely to be more susceptible
to alteration due to their higher specific surface areas.
Time-efficient matrix digestion protocols are required

that will minimize polymer alteration in as large a range
of polymer types as possible. However, the oxidation sta-
bility of biodegradable polymer blends and thermoplastic
polyurethanes (TPUs) during microplastic extraction
processes has yet to be investigated. Furthermore, large
quantities of tire rubber particles are also present in the
environment and these do not consist of pure polymers
but also contain a number of different additives and
nanomaterials [44, 45]. Such complex compositions sug-
gest that any analysis should not be based solely on the
chemical composition of the polymers but also needs to
take into account the additives: Matrix digestion proto-
cols could initiate leaching or transformation of those
additives, leading to changes in particle properties. Due
to the large amount of additives (e.g. nanoscale carbon
black) contained in tire rubber, the environmental and
human health effects of those additives might be equally
important as the effects of the microplastic particles
themselves [44]. Biodegradable materials are designed to
decompose completely within a specific environment,
which is why they are more susceptible to degradation
pathways in general [46, 47]. Al-Azzawi et al. reported
first insights into the stability of polylactide in common
digestion protocols [48], but data on biodegradable
polymer blends with different components is still
missing. Here the microstructure within the blend
may change from inadvertent selective etching during
the sample preparation. TPU materials are polymers
with a large variety of chemical compositions due to
the range of possible constituents. Degradation path-
ways via hydrolysis are known: Concentrated acids
and alkaline solutions usually affect TPUs, with poly-
ester TPUs being less stable than polyether TPUs and
only tolerating very brief contact with dilute acids
and bases, at room temperature [49, 50].
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The choice of extraction protocol is a crucial aspect of
the quantification of microplastics in natural environ-
ments. We therefore investigated the impact of a well-
known acidic (Fenton) and a new powerful alkaline (Basic
Piranha) oxidation on the properties of three different cat-
egories of polymer powders: (I) biodegradable polymer
blends, (II) engineering plastics such as PAs and TPUs
that have possible degradation pathways via hydrolysis
and have not previously been investigated in detail, and
(III) tire rubber, as one of the main sources of microplas-
tics with complex compositions that are found in natural
environments [6]. Low density polyethylene (LDPE) was
used as a resistant reference material (Fig. 1c).

Materials & methods
Materials
The influence of oxidation processes on microplastic par-
ticles was investigated for eight different polymers: three
different biodegradable polymer blends (PLA_based,
PBAT_based, and PBS_based), two types of thermoplastic
polyurethane (TPU_ester, TPU_ether), polyamide-6 (PA-
6), tire rubber, and low density polyethylene (LDPE) as a
reference material. The focus for the TPUs was on a com-
parison between ester and ether based polyols, with the
diisocyanate component being aromatic in both cases.
The polymer particles were obtained by cryo-milling

granules and sieving (80 μm, 250 μm, 315 μm, and 1mm

Fig. 1 Microplastics extraction process. a Common steps in extraction processes: sieving removes a large proportion of the matrix, density separation
removes the heavy inorganics, and matrix digestion removes the organics. b Possible states of microplastic particles in the matrix after aging processes
in natural environments and/or after matrix digestion: they can dissolve, fragment, or undergo chemical alteration. c Chemical structures of polymers
used in this study: microplastics show different stabilities with different digestion protocols, depending on their polymer backbone
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sieve sizes, depending on the polymer type) to obtain
suitably small particles. The additional sieving step was
included to obtain a cut-off for the larger particles that
might still be present after milling. The tire rubber
particles were directly acquired from MRH (Mülsener
Rohstoff- und Handelsgesellschaft mbH, Mülsen, Germany).
Details, suppliers and images of the investigated particles are
provided in the Supporting Information (SI Figure 1, SI
Table 1).
For each of the oxidation protocols investigated a 2 g

sample of each sieved polymer powder (sizes according to
SI Table 1) was placed in a clean glass jar and digestion
reagent was added. Following the reaction after two hours,
the particles were filtered using a 0.5 μm glass fiber filter,
rinsed with ultrapure water, and dried at 40 °C. The
microplastic particles were analyzed regarding their sur-
face chemistry, texture and particle size distribution at the
start of the investigations and again following their expos-
ure to the digestion reagents. Duplicate samples were
prepared for each oxidation protocol.

Fenton oxidation
Fenton oxidation is a well-known process for removing
organic matter from environmental matrices [19, 28–30].
We investigated the effect of the Fenton reagent on poly-
mer particles without any environmental matrix. The ex-
periments were performed using a hydrogen peroxide
concentration of 250 g/L (30% w/w, diluted with ultrapure
water to the desired concentration) and an iron (II)
sulphate concentration of 2.5 g/L. [19, 29, 30, 51] Sodium
hydroxide was used to adjust the pH to 3, as this has pre-
viously been found to be an ideal pH for Fenton reactions
[19, 28, 52]. The experiment was performed under ambi-
ent temperatures [30, 52].

Basic Piranha oxidation
We investigated the effects of alkaline oxidation by treat-
ing polymer powders with a combination of hydrogen

peroxide and ammonium hydroxide according to the
Basic Piranha protocol, which is based on the silicon
wafer cleaning method with hydrogen peroxide devel-
oped by W. Kern et al. [35, 37] The ammonium hydrox-
ide converts the mildly oxidizing hydrogen peroxide into
a more aggressive oxidizing agent [36, 53]. Fig. 2 shows
a comparison of these two protocols on sludge retrieved
from the local waste-water treatment facility (Bad Dürk-
heim) as a real-world environmental matrix. Compared
to the well-known Fenton oxidation, with Basic Piranha
one obtains a lower amount of oxidation residue precipi-
tating after the reaction (Fig. 2). Ferrous Fenton residue
can disturb further analytics (e.g. Raman microscopy
due to auto-fluorescence [54]). In this regard, the Basic
Piranha protocol is superior to Fenton protocols which
motivated us to try out this protocol. The Basic Piranha
experiments were performed using a hydrogen peroxide
concentration of 125 g/L (30% w/w, diluted with ultra-
pure water to the desired concentration) and an ammo-
nium hydroxide concentration of 105 g/L (25% w/w). A
less aggressive mixture was used for the biodegradable
polymers, with a hydrogen peroxide concentration of 50
g/L and an ammonium hydroxide concentration of 40 g/
L (25% w/w). The temperature was maintained at 70 °C,
pH = 10.

Scanning electron microscopy (SEM)
Scanning Electron Microscopy was used to compare the
surface textures of the polymer powder grains before
and after digestion. The powder particles were fixed
onto Leit-C-plast tape on a standard SEM stub and
coated with 8 nm platinum. The measurements were
performed with a Zeiss Gemini 500 SEM that was oper-
ated at 3 kV, using secondary electrons for improved
topography contrast. The inorganic residue left on the
particle surfaces following Fenton treatment was also in-
vestigated using back scattered electrons (BSE, material
contrast) at 5 kV and energy dispersive X-ray spectroscopy

Fig. 2 Investigated matrix digestion protocols applied to concentrated sewage sludge. Both protocols are able to affect the sludge (increasing
brightness/foam formation of solution during the reaction process). However, in both cases oxidation residue remains after the reaction. Less residue
remains after Basic Piranha oxidation. In contrast to the ferrous Fenton residue, the Basic Piranha residue does not disturb further analytics like GPC
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(EDXS, chemical analysis) at 15 kV. For these investiga-
tions the particle surfaces were first coated with 10 nm
carbon.

Fourier-transform infrared spectroscopy (FT-IR)
The chemical composition of the polymer surfaces be-
fore and after treatment were analyzed by FT-IR spec-
troscopy and any spectral changes investigated. The
chemical compositions were determined using a Ther-
moFisher IS50 FT-IR spectrometer with a diamond ATR
accessory (IS50-ATR). The FT-IR spectra were recorded
in the region of 4000–400 cm− 1 with 32 scans at a reso-
lution of 4 cm− 1.

Fraunhofer light scattering
The particle size distributions for the polymer powder
particles were determined before and after oxidation
using a Mastersizer 3000 (MV Hydro unit) with evalu-
ation software conforming to ISO13320 and a measuring
accuracy of 0.6% [55]. An internal standard operating
procedure for measuring the sizes of microplastic parti-
cles was followed. The sample volume was determined
by adjusting the light shading range to between 5 and
16%. The surfactant Nekanil 910 was added to the sam-
ple which was then subjected to ultrasonication for 125
s. 10 measurements per sample were obtained over 10 s
periods.

Gel permeation chromatography (GPC)
The molar mass distributions of the studied polymers
before and after Basic Piranha oxidation were deter-
mined by Gel Permeation Chromatography (GPC), using
a modular GPC system with a combination of columns
(HFIP-LG Guard column, 2 x PL HFIPgel columns,
300 × 7.5 mm, 3–100 μm, Agilent) and a refractive index
detector (8 μl, Agilent). The temperature was set to
35 °C and the flow rate to 1.0 mL/min. Calibration was
conducted using a polymethylmethacrylate calibration
kit (with a known molar mass distribution) and 12 cali-
bration points. Approximately 6 mg of each sample was
dissolved in approximately 4 mL eluent (1,1,1,3,3,3 –
Hexafluoro-2-propanol, Alfa Aesar) over 5 h on a shak-
ing table at room temperature. The resulting solutions
were filtered through Millipore-Millex-FG 0.2 μm filters
prior to injection.

X-ray microtomography (μ-CT)
The macroscopic shape of the powder grains was exam-
ined by X-ray μ-CT before and after treatment using a
Bruker Skyscan 1172 μ-CT system (Bruker Skyscan,
Antwerp, Belgium) equipped with a 10W X-ray gener-
ator with a maximum acceleration voltage of 100 kV
(Hamamatsu, Hamamatsu Japan) and an 11 MPixel X-
ray camera (Ximea, Münster, Germany). Samples of the

treated and untreated powders were inserted into PE
vials with 8 mm outer diameters and X-ray μ-CT scans
carried out using unfiltered X-rays with an energy level
of 40 keV and a voxel size of 1.96 μm.

Results and discussion
Basic Piranha oxidation does affect biodegradable
polymers, Fenton oxidation only induces small changes in
their particle size distribution
Following Basic Piranha oxidation the surface of the
polylactide (PLA) based polymer blend showed degrad-
ation of the polymer matrix (Fig. 3.1a), leaving only fila-
mentous and spherical micro- and nanostructures. The
Basic Piranha treatment also led to the formation of
small holes in the matrix of the polybutylene adipate ter-
ephthalate (PBAT) based polymer blend (Fig. 3.1b), and
larger holes in the polybutylene succinate (PBS) based
polymer blend (Fig. 3.1c).
FT-IR spectra for these biodegradable polymers re-

vealed an either partially or totally reduced PLA content
following Basic Piranha oxidation. For the PLA-based
polymer blend (Fig. 3.2a) the ratio of the PLA peak at
1750 cm− 1 (C=O vibration) to the peak at 1715 cm− 1

(C=O vibration) changed from 12:10 prior to Basic
Piranha oxidation to 3:10 after oxidation, reflecting the
reduction in PLA content. The initial PLA content of
the PBAT-based polymer blend, prior to oxidation, was
low: the ratio of the PLA peak at 1760 cm− 1 (C=O vibra-
tion) to the PBAT peak at 1710 cm− 1 (C=O vibration)
was 2:10 (Fig. 3.2b) prior to Basic Piranha oxidation but
the PLA peak disappeared completely following oxida-
tion, indicating complete degradation of the PLA com-
ponent. For the PBS-based polymer blend, the ratio of
the PLA peak at 1760 cm− 1 (C=O vibration) to the PBS
peak at 1710 cm− 1 (C=O vibration) was 7:10 (Fig. 3.2c)
prior to Basic Piranha oxidation and the PLA peak again
disappeared after oxidation, indicating the degradation
of larger quantities of PLA.
Basic Piranha oxidation reduced the particle sizes for

the PLA-based and PBS-based polymer blends
(Fig. 3.3a + c, SI Table 2a). The shape of the particle size
distribution curve for the PLA-based blend (Fig. 3.3a) re-
veals an increase in the proportion of smaller particles
following Basic Piranha oxidation, resulting in a slightly
bimodal distribution: the percentage change in the aver-
age particle size (Dx50, or cumulative 50% point of
diameter) of the PLA-based particles following oxidation
was 45.8 ± 14.3%. Average particle sizes on their own do
not provide enough information to reveal these changes
and thus need to be considered in combination with the
size distribution curves. The molar mass distributions
(determined by GPC) before and after Basic Piranha oxi-
dation also show similar patterns, with a reduction in
the molar masses for the biodegradable polymer blends
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following oxidation (SI Figure 5a-c). The PLA-based
polymer blend showed a bimodal distribution similar to
that in the particle size distribution (SI Figure 5a).
Polymers based on PLA are more commonly degraded

by hydrolysis rather than by microbial attack [56], which
means that they are susceptible to alkaline attack. Such

materials also have a low heat resistance which could
lead to problems with Basic Piranha oxidation due to
the higher temperatures involved [46, 47, 56]. PBAT is a
strong, flexible aromatic-aliphatic polyester almost as re-
sistant as LDPE. Although its aromatic unities lead to
improved mechanical properties, biodegradation is still

Fig. 3 Properties of biodegradable polymer blends before and after Fenton and Basic Piranha oxidation. (3.1) SEM images, (3.2) FT-IR spectra,
(3.3) Particle size distributions for (a) PLA_based, (b) PBAT_based, and (c) PBS_based polymer blends (BP: oxidation with Basic Piranha. Fenton:
oxidation using the Fenton protocol). The polymer particles were clearly affected by Basic Piranha oxidation but showed no significant change
following Fenton oxidation
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possible if the aromatic content is low [46, 47, 57, 58].
PBS is an aliphatic polyester that is most commonly
attacked by enzymatic hydrolysis, but chemical hydroly-
sis is also possible [46, 47]. Furthermore, the PBAT-
based and PBS-based polymer blends also contain the
degradable, poorly stabilized PLA, which is highly sus-
ceptible to hydrolysis [46, 47, 56]. The PLA content in
the PBS-based blend, which had the larger holes in the
matrix following oxidation, was 12% higher than in the
PBAT-based blend, which is the blend with the smallest
proportion of the poorly stabilized PLA component.
This corresponds with the oxidation stability results,
which indicated that the PBAT-based blend was the least
affected.
In contrast to the Basic Piranha protocol, the Fenton

protocol did not result in any visible changes to the sur-
faces of the biodegradable polymer particles (Fig. 3.1a-c),
except for some nanostructured particles identified as
ferrous Fenton residue by BSE imaging and EDXS (SI
Figure 4). Furthermore, FT-IR spectra did not reveal any
changes to the chemical compositions of the biodegrad-
able polymers following Fenton oxidation (SI Figure 10).
Fenton oxidation did, however, result in a reduction in

the particle sizes (up to 11.7%) of the biodegradable
polymers (Fig. 3.3a-c, SI Table 2b). Especially the PLA_
based particles smaller than 100 μm disappeared in the
curve (Fig. 3.3a). The particle sizes of PBS_based were
equally affected by Fenton (−11.7 ± 1.1%) and Basic
Piranha (−14.9 ± 1.0%) oxidation (Fig. 3.3a + c, SI
Table 2b). Even though the size-reductions and changes
in the case of Fenton oxidation were less than those ob-
served following Basic Piranha oxidation (especially for
the PLA-based polymer blend), changes in particle sizes
are of great significance if particle sizes are in focus for
microplastic analytical questions.
Our results, therefore, clearly indicate that the investi-

gated polymers are less affected by the Fenton oxidation,
but the Basic Piranha oxidation can affect certain com-
ponents of the polymers, in particular the relatively un-
stable PLA component. Although the surface texture
and chemistry of the biodegradable polymer blends
remained unaffected by the Fenton protocol, researchers
should be aware of the induced changes in the particle
size distribution when analyzing particle counts and
sizes after an extraction process based on Fenton
oxidation.

Basic Piranha oxidation affects only the surface textures
of TPU particles, while PA-6 remains unaffected
The Fenton protocol had no visible effect on the surface
textures of either of the two types of TPU. There were
slight changes in the surface textures of the TPU_ester,
but none in those of the TPU_ether. In contrast, the
Basic Piranha protocol had an effect on the surface

textures of both of these polymers (Fig. 4.1a + b). The
TPU_ether was more affected then the TPU_ester but
rough structures on the polymer surface became visible
both cases, that were not present in the untreated sam-
ples. Researchers should avoid such changes in the sur-
face texture induced by the digestion protocol, since
they could be confused with distinctive characteristics
being present in the original particles. However, the FT-
IR spectra showed no changes to the chemical composi-
tions following either of the oxidation protocols
(Fig. 4.2a + b), nor were there any changes in the particle
size distributions or molar mass distributions (Fig. 4.3a +
b, SI Table 2, SI Figure 5). Since aromatic polyurethanes
contain hydrophobic phenyl groups, they are unlikely to
absorb aqueous media and hydrolysis will therefore gen-
erally only occur at higher temperatures, such as during
Basic Piranha oxidation [59, 60]. The TPU_ester tends
to be more stable during oxidation than the TPU_ether,
although we noted that the stability was dependent on
the oxidation conditions, with the TPU_ester being less
stable under acidic oxidation and the TPU_ether less
stable under alkaline oxidation. These results are in ac-
cordance with literature: Scholz et al. reported the stabil-
ity of ester/ether-based TPUs in various environmental
scenarios and concluded a higher stability of the ester-
based TPUs in general [61]. An exemption of this obser-
vation appears to be the stability of TPU-esters in weak
acids: In addition to our observations, tests for the
chemical resistance of known BASF TPU materials show
that the ester-based TPUs are stable in weak acids for
days and weeks, whereas the ether-based TPUs are even
stable for months and years [62].
Some researchers have noted fragmentation and deg-

radation of polyamides under specific acidic and alkaline
conditions [25, 42]. Due to the interchain hydrogen
bonds between the amide groups, polyamide has a high
crystallinity and a high cohesive energy density. Polyam-
ides are therefore resistant to swelling and dissolution in
hydrocarbons but could be attacked by mineral acid,
depending on its concentration [50, 63]. Neither the
Fenton nor Basic Piranha protocols had any effect on
the surface texture, chemical composition, particle size,
or molar mass distribution of PA-6 particles (Fig. 4.1-3c,
SI Table 2, SI Figure 5). Residues of iron (II) sulphate
were present in the supernatant of the PA-6 sample
(only), following Fenton oxidation. The two significant
peaks at 1100 cm− 1 and 615 cm− 1 are due to the
sulphate vibrations (SI Figure 6) [64].
While Hurley et al. reported that hydrogen peroxide at

70 °C had a major influence on polyamide granules,
resulting in their fragmentation into small particles, [25]
we have not been able to confirm this observation. Cole
et al. reported structural damage to polyamide fibres
under alkaline conditions (10M NaOH at 60 °C), [42]
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but in our own investigations the alkaline conditions
during Basic Piranha oxidation had no effect on the PA-
6 surface texture and the chemical composition. This
may have been be due to the lower concentration of our
alkaline solution (3M ammonium hydroxide).

Tire rubber is unstable under both Fenton and Basic
Piranha oxidation
The surface texture of the tire rubber particles showed
no noticeable changes after either of the oxidation pro-
tocols (Fig. 5.1), although the irregular surface structure

Fig. 4 Properties of engineering plastics before and after Fenton and Basic Piranha oxidation. (4.1) SEM images, (4.2) FT-IR spectra, (4.3) Particle
size distributions, (a) TPU_ester, (b) TPU_ether, (c) PA-6. BP: oxidation with Basic Piranha. Fenton: oxidation using the Fenton protocol. The
polymer particles showed no significant changes in their chemical compositions or particle size distributions following oxidation, but the surface
textures of the TPUs were affected by the Basic Piranha oxidation
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makes it difficult to analyze. The Fenton protocol led to
a separation of the particles into those that floated on
the surface and those that were deposited as sediment
(Fig. 6). SEM images (SI Figure 7) revealed agglomerates
of the particles in the supernatant but none in the sedi-
ment. Since larger particles (i.e. agglomerates) usually
tend to settle, the appearance of agglomerates in the
supernatant came as a surprise and was therefore further
investigated using X-ray microtomography (SI Figure 8).
The X-ray μ-CT images of tire rubber particles showed
considerable variations in the X-ray absorption by differ-
ent particles due to different loadings with inorganic
fillers and carbon black. Macroscopic aggregation of par-
ticles was visible following Fenton oxidation. While the
pristine material consisted of a well-packed powder bed
with high polydispersity and distinct variability in X-ray
absorption between different particles, the settled tire
rubber following oxidation revealed large-scale aggrega-
tion of particles when filtered with stable voids in the

packing. Even more pronounced voids in the packing
were visible for the tire particles in the supernatant fol-
lowing oxidation (larger agglomerates). Furthermore, an
enrichment in particles with lower densities than in the
original powder was detected, indicating a loss of high-
density additives during oxidation.
Tire rubber was the only material that showed any

change in surface chemistry following Fenton oxidation.
The particles floating on the surface of the supernatant
(Fig. 5.2) showed a reduced intensity in the transmit-
tance peaks associated with silicon dioxide at wave-
lengths in the range of 1130 to 975 cm− 1 (Si—O
asymmetric vibrations) and 470 to 400 cm− 1 (Si—O
symmetric vibrations) following oxidation [65–68]. The
reduced silicon dioxide content supports the hypothesis
that leaching of additives took place during the strong
reaction during the Fenton oxidation, potentially in-
duced by the damage of the polymer matrix. This could
also explain the floating particles, with the loss of heavy

Fig. 5 Properties of tire rubber before and after Fenton and Basic Piranha oxidation. (5.1) SEM images, (5.2) FT-IR spectra, (5.3) particle size
distribution. BP: oxidation with Basic Piranha. Fenton: oxidation using the Fenton protocol. The tire particles showed changes in their silicon
dioxide content after Fenton oxidation and the particle sizes increased after both Fenton and Basic Piranha oxidation
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additives during oxidation reducing the density of the
particles, enabling flotation. Silicon dioxide is often in-
cluded in tire rubber for reinforcement [44, 69].
Following a very strong reaction during the Basic

Piranha oxidation (Fig. 6), there was a slight shift to-
wards larger particle sizes indicating swelling and hence
changes to the tire rubber particle properties (Fig. 5.3),
or even leaching of additives. Since the Fenton oxidation
did not have any significant impact on the other poly-
mers investigated, the observed strong reaction of tire
rubber (which included foam formation) was not antici-
pated. The tire rubber particle size distributions for the
supernatant float and the sediment following Fenton oxi-
dation were almost identical (Fig. 5.3). SI Table 2b shows
a higher Dx50 value for the tire rubber particles in the
sediment (+ 30.0%) than for the initial particles. The in-
vestigated tire rubber particles were based on polybuta-
diene and polyisoprene, as determined by pyrolysis gas
chromatography (SI Figure 9, SI Table 3). These polymer
components contain unsaturated carbon double bonds
that can be easily oxidized, leading to dihydroxylation
and deterioration of the polymer properties [59, 70]. The
strong reaction and increase in particle sizes may indi-
cate exothermic reactions that lead to dihydroxylated
double bonds, or alternatively, may suggest leaching and
oxidation of additives. However, the dihydroxylation is
not reflected in the FT-IR spectrum: Containing a large
amount of carbon black the FT-IR analysis of tire rubber
is challenging and therefore less reliable. Still it could
be possible that only the additives are affected by the
oxidation protocols and the rubber part relevant for
spectroscopic or thermal microplastic detection stays
unchanged.
The durable LDPE reference showed no changes in

surface texture, chemical composition, or particle size
distribution following either Basic Piranha or Fenton
oxidation (SI Figure 2). Duplicate samples were prepared
for each oxidation protocol. The observed effects of the
oxidation protocols on the polymers could be confirmed
in the duplicate samples (SI Figure 11 + 12).

Conclusions
Sample preparation protocols are essential for the quan-
tification and analysis of microplastics in natural envi-
ronments, but often rely on harsh chemical treatments.
Without considering the stability of microplastic parti-
cles before choosing a chemical reagent for their extrac-
tion it is impossible to know whether any micro- and
nanostructures identified in the recovered microplastics
were present in the original particles or induced by the
sample treatment. The results of our investigations indi-
cate that the Fenton oxidation at low temperature is
more suitable than Basic Piranha oxidation for extrac-
tion of most of the microplastic particles investigated.
However, for a targeted particle size related analysis of
PA-6 and TPU in complex environmental matrices,
Basic Piranha turned out to be a powerful alternative
that could eventually be able to dissolve the organic
matrix of soil samples. Since the validity of analytical re-
sults depends on the polymer type, non-targeted envir-
onmental monitoring of microplastics may be less
reliable than previously assumed. The physical shape of
extracted particles, as well as their chemical identity can
be an artifact resulting from harsh sample preparation.
The resilience of polymers to sample preparation proto-
cols may also be reduced by degradation processes, such
as photolysis or hydrolysis, experienced during their life-
cycles. Targeted environmental monitoring for a specific
polymer type is possible, as is targeted detection in
physiological tissue, but strict controls are required for
the particular combination of polymer type and sample
preparation protocol used. For example, although bio-
degradable polymers degrade more easily than common
polymers, we have been able to identify a particular di-
gestion protocol that has no effect on the surface texture
and chemical composition of biodegradable particles.
However, a slight change in the particle size distribution
after Fenton oxidation must be taken into account if a
particle size related microplastic analysis is of interest.
Still, this opens up the possibility of a more reliable
evaluation of the degradation and fragmentation of

Fig. 6 Reaction process during Fenton and Basic Piranha oxidation of tire rubber. After Fenton oxidation particles were separated into those
floating on the surface of the supernatant and those that deposited as sediment
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biodegradable polymers. Unexpectedly, our analytics in-
dicated that both of the investigated oxidation protocols
affected the tire rubber particles, raising concerns about
the validity of monitoring studies, and pointing to a need
to develop non-destructive extraction protocols with ap-
propriate analytic methods that affect neither the poly-
mer matrix of rubber tires, nor the contained additives.
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