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Abstract

Due to massive production, inefficient waste collection, and long lives, plastics have become a
source of persistent pollution. Biodegradation is explored as an environmentally friendly
remediation method for removing plastics from the environment. Microbial and animal
biodegradation methods have been reported in the literature for various plastics. Levels of plastic
oxidation are often used as an evidence of degradation and can be measured with great sensitivity
by Fourier Transform Infrared (FTIR) spectroscopy. FTIR is highly sensitive to the creation of
new C-0O, C=0 and O-H bonds during oxidation. However, many studies reporting the use of
FTIR spectroscopy to evidence plastic oxidation confused the spectral signatures of biomass
contamination (C—O and C=0 from lipids, CONH from proteins, O—H from polysaccharides) with
plastic oxidation. Here, based on spectra of oxidized plastic and of probable contaminants, we

make recommendations for performing and analyzing FTIR measurements properly.

Highlights

e Molecular bases for the detection of plastic oxidation by FTIR spectroscopy are reviewed

o Alist of IR absorption peaks for oxidized polyethylene (PE) and polystyrene (PS) and their
interpretation is given

e Spectra of biological contaminants are presented

e A protocol for cleaning plastics from bio-contaminants while preserving their oxidation
state is given

e Simple methods for analyzing the infrared spectra are suggested



1. Introduction

Plastics such as polyethylene (PE) and polystyrene (PS) have become a major source of
environmental hazard hence a concern for ecosystems, animal and human health. Millions tons of
plastics are produced every year [1] but only a fraction is collected to be recycled (Plastic Europe
Facts 2019). The rest may be collected in landfills or incinerated, but a significant fractions, over
12 million tons per year [2] ends up dispersed in the environment where it can remain for extremely
long durations. Plastic wastes often become fragmented under environmental conditions in micro-
plastics, defined as particles < 5 mm [3]. The plastics and their additives can be toxic, contaminate
the food chain and are suspected to cause massive damages to the marine environment.
Bioremediation is one solution envisioned to clean the ecosystems, especially those contaminated
by micro-plastics that could be near impossible to collect and eliminate. Microbiological
biodegradation is the most promising bioremediation method [4—6] but recently biodegradation by
the larvae of several insects (Tenebrio molitor, Galleria mellonella, Plodia interpunctella, Achroia
grisella) have been reported and is explored as an alternative sources of plastic degrading enzymes
[7-13]. Characterization of the weak plastic biodegradation can be technically challenging,
hindered by the extreme slowness of the process, and often requires the use of multiple methods
[4],[14]. Fourier Transform Infrared (FTIR) spectroscopy has long been used [15] as an easy and
convenient tool to monitor plastic biodegradation since it is exquisitely sensitive to the apparition
of C=0, C—0 and O—H bonds created during this degradation. However, as noted by Jackson and
Mantsch [16], when a technique becomes so widespread, there are pitfalls that become frequently
manifested in the literature. FTIR spectroscopy measurements can be performed in many
measurement modes that may be suited to different types of plastic and sample environments: in

transmission mode for fine powders, thin polymer films or plastic thin sections; in reflection mode



for polished bulk samples; in Attenuated Total Reflection (ATR) mode to probe only the surface
of bulk samples, powders or films. Spatially resolved information at the micron scale can be
obtained in transmission, reflection or ATR modes by IR microspectroscopy either in confocal
(LFTIR) or wide-field mode (imaging with detector array) modes. FTIR spectra not only allow
detecting the onset and quantitatively evaluate the extent of polymer oxidation but may also be
used to understand the degradation mechanism by identifying specific chemical functions formed
during oxidation. A diversity of newly formed peaks representing the spectral signature of
chemical processes can be identified when following the oxidation of plastics. For polyethylene,
(—CH;,™),, beside the main carbonyl band from ketones (1715-1720 cm'), FTIR can detect
carbonyl bands from aldehydes (1730 cm™!, esters (1740 cm!), carboxylic acids (1705-1710 cm-
1, peroxides (1775 cm!), peracids R(C=0)OOH (1785 cm™"), peresters R(C=0)OOR (1763 cm-
1, and carboxylates (1555 cm!) [15,17-19]. FTIR can also detect changes in the alkene C=C peak
circa 1640 cm’!, and aCH, peaks at 1410 and 1415 cm! (methylene in alpha position of a
carbonyl). For polystyrene, (—CH,~CHPh-),, that is oxidized by a different mechanism, other
peaks are detected, considerably shifted compared to those in oxidized PE, probably due to the
conjugation with the benzene ring. Mailhot and Gardette conducted an extensive analysis of photo-
and thermally oxidized PS and found the main peaks to be those of ketones (1725 cm'!) and
benzoic anhydride (1725 cm™!' and 1785 cm!), benzaldehyde (1704 cm™!), benzophenone (1690
cm™); they assigned secondary peaks to carboxylates (1553 cm!), benzoic acid dimers (1698 cm-
1) and monomers (1732 cm™!), dibenzoylmethane (1515 and 1605 cm!), dimeric (1710 cm™!) and
monomeric (1753 cm™) acetic and formic acids [20],[21]. Additional bands in the hydroxyl region
(3000-3600 cm!) and in other spectral regions (C—O around 1100-1200 cm!) can help decipher

the oxidation mechanism. The use of FTIR to study biodegradations of various polymers by



microbes [7,22-25] or insect larvae [8—-12,26] was reviewed by Krueger 2015 [4] and Restrepo
Florez 2017 [5]. Even if FTIR appears very attractive, Restrepo Florez [5] noticed that there were
some discrepancies in the reported evolutions of the carbonyl bands and that this could arise from
different degradation mechanisms. In some cases we suggest it could also result from improper
measurements or analysis of FTIR data. We critically reviewed several articles reporting the use
of FTIR spectroscopy to study the biodegradation of plastics, mainly the biodegradation of PE and
PS. We noticed shortcomings in some of the publications examined that could potentially lead to
false conclusions. We identify two types of protocols used for evaluating microbial or larval PE
oxidation: measurement of plastic films in direct contact with environmental microbes and
biofilms, larval microbiota or larval gut as reported in [7,12,24,27-29]; measurement of plastic in
larval frass with or without extraction as reported in [9-11,30,31]. We replicated both protocols
and analyzed the resulting PE by ATR-FTIR spectroscopy and hyperspectral FTIR imaging, and
report our observations thereafter. We make recommendations for the proper use of FTIR for

assessing plastic biodegradation.

2. Materials and methods

2.1 FTIR spectroscopy analysis of standards

Galleria mellonella (Gm) larvae were produced on site in the insectarium at INRAE Micalis
Institute in Jouy-en-Josas, France. Gm eggs were hatched at 27°C. The larvae were reared on
commercially purchased beeswax and pollen (La Ruche Roannaise, Roanne, France) which were

also used in the feeding experiments and as standards for the spectral analyses.



Last stage L6 larvae were starved for 24h at 27°C in individual boxes then fed for 4 to 10 days
either with PE (pieces cut from commercial plastic bags), or with beeswax. Larvae ate 0.55 mg of
PE or 13 mg of beeswax per day in average. Larval frass and silk were collected directly from the
Gm boxes after 4 days for frass and 10 days for silk, stored at -80 °C, lyophilized for 24 h, and

used for the spectral analyses.

PE films were pressed from PE powder (purchased from Merck) and thermally oxidized in an oven
at 140°C for 22 hours. Photo-oxidized PE was collected from a piece of hazard-warning tape that

had been exposed to sun and outside conditions for several years.

The infrared spectra were collected in ATR mode either at Paris-Saclay University with a Vertex
70 FTIR spectrometer (Bruker, Marne-la-Vallée, France) equipped with a MCT detector, or at
SOLEIL synchrotron with a Nicolet 5700 FTIR spectrometer (ThermoFisher Scientific,
Courtaboeuf, France) equipped with a DTGS detector. Spectra were collected between 400 and
4000 cm! at 4 cm! resolution with 100 to 256 co-added scans. Both instruments were equipped

with single-bounce diamond Internal Reflection Element (IRE).

2.2 Incubation of PE films with Gm digestive tube

PE plastic bags were cut in 3 cm x 6 cm triangular pieces and sterilized on each side by UV light
at 254 nm during 10 minutes. L6 larvae were starved for 24 h and dissected to extract their
digestive tube. The larvae were cut longitudinally from the ventral side, and the skin spread with
pins, the fat body tissues were removed, and the digestive tube was removed from the head to the
anus. The digestive tubes were opened longitudinally so that the inner part of the gut could be

placed in direct contact with the PE films. Two complete digestive tubes were placed on each of



the PE pieces, then deposited in Petri dishes and incubated at 27°C in humid atmosphere for 24

hours. The PE pieces were then cleaned by a specifically developed protocol.

2.3 Plastic cleaning protocol

Pieces of PE films were rinsed and shaken in deionised water, followed by another bath in hot
water at 60 ° C, then rinsed in 50% ethanol at 60°C, then washed 5 times for 5 minutes in NaOH
IM at room temperature in an ultrasonic bath, and finally rinsed in distilled water and dried at

room temperature. Clean PE films without contact with Gm gut were used as control.

2.4 Analysis of PE films by hyperspectral FTIR imaging

The PE films were measured by hyperspectral FTIR imaging on a Cary 620 infrared microscope
(Agilent, Courtaboeuf, France) equipped with a 128 x 128 pixels “Lancer” Focal Plane Array
(FPA) detector, and coupled to a Cary 670 FTIR spectrometer. Hyperspectral images were
measured in transmission in the standard magnification mode with a 15x magnification, 0.65
numerical aperture (NA) Schwarzschild objective and matching condenser giving a field of view
of 704 x 704 um?, and a projected pixel size of 5.5 x 5.5 um?. Mosaic images were measured by
assembling multiple FPA tiles (98,304 to 196,608 spectra). The hyperspectral images were
recorded between 900 and 3900 cm™! at 8 cm™! resolution, with 256 co-added scans for background

and 128 co-added scans for sample.

The hyperspectral images were used for evaluating the extent of PE film oxidation and
contamination by computing specific peak areas and peak area ratios in the Quasar software
[32,33]. PE oxidation was evaluated by the carbonyl index: the area of the carbonyl v C=0O band
(1650-1780 cm!) divided by the area of the methylene & C-H band (1440-1485 cm!). Protein

contamination was evaluated by the area of the amide I band (1595-1705 cm!) after subtraction



of a linear baseline between the peak edges. For the control samples, the integrated area of the
amide [ band was 0.2+0.6 (min: -1.4, max 4.0) Arbitray Unit (AU). Baseline deviation, interference
fringes, measurement noise and water vapor signal may explain the variations and the occurrence
of negative values. For PE samples cleaned after contact with Gm gut, the integrated amide I band
area varied between -0.7 and 27 AU. The typical amide I shape became recognizable at values of
around 0.6 AU. We thus selected the value of 0.6 AU as a threshold to separate clean and
contaminated PE. The clean surface fraction was measured as the ratio of the number of pixels

with protein band area below and above the 0.6 AU threshold.

3. Results and Discussion

We first attempted to measure the oxidation of PE particles directly in the larval frass. Figure 1A
shows the spectra of Gm frass from PE-fed larvae and from beeswax-fed larvae, and the spectrum
of strongly, thermally-oxidized PE. All spectra present C=0 peaks at around 1740 cm!, C-O peaks
between 1100 and 1200 cm!. O-H peaks (3400-3600 cm™!) can be seen in the frass spectra from
both PE-fed and beeswax-fed larvae. The O—H peak must not be confused with the N-H peak
located at 3300 cm™! (recognizable by its position and pointed shape) as in reference [27] where
the N-H peak was taken as evidence for polyethylene glycol formation. CH, peaks are found even
in the spectra of beeswax-fed larval frass and cannot be used to detect the PE. Both beeswax-fed
and PE-fed larval-frass spectra show strong peaks of proteins (1480-1700 cm!) and
polysaccharides (900-1180 cm!), probably from pollen (Figure 1B) even if the larvae had been
starved for 24 h before switching to the beeswax or PE diets. The fact that pollen and beeswax can

be detected in feces after 120 h without eating pollen and beeswax shows that a 24 h starvation



period is not sufficient to eliminate the earlier content of the larval gut. A 24 h starvation period is
sometime reported in the literature but most groups report no prior starvation period. Importantly,
both beeswax-fed and PE-fed larval frass spectra present strong methyl, methylene, carbonyl and
carbon-oxygen peaks from the different contaminants overlapping the position of C-H, C=0 and

C—0 bands in oxidized PE.

Figure 1B shows typical spectra from possible contaminants: pollen, beeswax, Gm silk, Gm gut
extract. Beeswax, Gm gut, pollen and Gm frass all contain strong carbonyl peaks circa 1740 cm’!
(C=0 from esters) which intensity could totally obscure that of oxidized PE. Beeswax presents
two C=0 peaks at 1720 and at 1736 cm™! that could interfere with the interpretation of the complex
C=0 peak from oxidized PE. It is thus impossible to evaluate plastic oxidation in the presence of
fats in frass using the carbonyl peak. Silk is produced by the larvae for cocoon construction and is
frequently found as a contaminant on the PE films having been in contact with the larvae. Silk can
also be used for demonstrating how protein contamination (from other types of proteins) would
influence the PE spectrum. Protein contamination could happen from larval silk, from the gut
peritrophic matrix, from gut cells or other proteins from food or metabolism, or from microbial
biofilm attached to the plastic. Protein spectra are dominated by the amide I and amide II bands
centered at 1650 and 1545 cm!. Due to their intensity and recognizable shapes, protein amide
bands are good indicators of biological contamination. Unfortunately such peaks are frequently
observed in biodegraded plastic spectra reported in the literature [11,12,27,28,30,31,34], and
clearly evidence the contamination of the plastic by protein residues. Beside C=0O peaks,
contaminants present other absorption bands that can prevent the evaluation of oxidation: O—H,
C—H and C—O peaks. Pollen, beeswax and gut tissue spectra also have other strong C—H peaks

between 1400 and 1450 cm! and C-O peaks between 900 and 1200 cm! that would totally hide



the weaker C—H scissoring peaks from aCH, and C-O peaks from PE oxidation. Microbial
biofilms produce exopolysaccharides in their extracellular matrix that have strong C—O and C—C
absorption peaks between 900 and 1180 cm! potentially hiding weaker C—O peaks from PE
oxidation. It is therefore impossible to properly assess plastic oxidation when PE is contaminated
by larva tissues, microbial biofilm or directly in frass. In theory subtracting the contaminant

spectrum could eliminate the confounding signals but this is nearly impossible in practice.

Another technique frequently reported in the literature is to incubate plastic films with microbial
biofilms or gut extracts, and to evaluate the oxidation of the film after a period of hours to months.
We replicated this by measuring the spectral signature of PE films in contact with dissected Gm
larva gut for 24 h. The findings may also apply to PE in contact with microbial biofilms. The PE
films were cleaned by the specifically developed protocol reported in the Materials & Methods
section. In Figure 1C we report the IR spectra of the surface of the initial pristine PE, of PE film
bio-oxidized after 24h in contact with the Gm larva gut, and of strongly thermally-oxidized PE
(140 °C, 22 h). Thermally-oxidized PE exhibits a clear, complex carbonyl band centered at
1710 cm! with shoulders at 1735 and 1772 cm™!' and several other peaks related to PE oxidation
at 1415 and 1420 (8 C—H of aCH,) and 1172 cm™! (C—-0O). Biodegradation will generally cause
much slower oxidation than thermal oxidation, and may affect mostly the surface of the film in
contact with enzymes, thus carbonyl band intensity will be much weaker. In the IR spectrum of
bio-oxidized PE after 24h in contact with Gm gut, the carbonyl band is nearly 150 times weaker
than in the 22h thermally-oxidized sample (Figure 1C). The weak oxidation signal can be easily
eclipsed by the bio-contaminant signal reported in Figure 1B. Furthermore, it should be noted that
‘natural’ oxidation may already be present at discrete, micron-sized, locations in control plastic

samples, thus each sample should be evaluated before and after bio-oxidation.
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In addition to bio-contaminants, other confounding factors may hide or alter the carbonyl band, or
appear as a spurious carbonyl band. Figure 1D presents a series of PE film spectra with interference
fringes, noise, and a spectrum of water vapor. Interference fringes occur in films because internal
reflections of IR beam. This creates constructive and destructive interferences that translate in a
sinusoid baseline which may alter C=0 peak shape, position, intensity, and area. Water vapor
presents over 40 sharp IR absorption peaks in the 1300-2000 cm™! range, one at 1735 cm! and one
at 1635 cm! that may respectively affect or appear as the carbonyl C=0 band and the alkene C=C
band. Water vapor signal may appear when the infrared spectrometer dry-air or nitrogen purge is
not stable over time. Although it is less of a problem with modern instruments that provide very
good signal to noise ratios, measurement noise can still be problematic in the ATR mode due to
the small sample volume probed and to IR radiation losses due to the ATR IRE. Noise can hinder
the detection of C=0 peaks, create spurious peaks, alter peak shape and position and lower the

accuracy of peak intensity evaluation.

Thus, in order to properly use FTIR spectroscopy or uFTIR to evidence PE film oxidation, it is
necessary to verify the absence of oxidation before the experiment, to perform a thorough cleaning
of the PE films, and, after, to verify the absence of bio-contamination by looking at the presence
of protein and lipid peaks. We recommend using the cleaning protocol described in the
Experimental section: multiple serial rinsing of PE in deionised water and in hot water (60 °C) to
remove proteins, in hot ethanol (60 °C) to remove lipids, in NaOH with ultrasonication to
solubilize carboxylic acids, and in deionised water to eliminate NaOH, and finally drying at room
temperature. The cleaning protocol had only minute impact on the oxidation level of the PE films:
the carbonyl index of the PE films was -0.0009+0.1050 (n=65536) before cleaning and -

0.0030£0.0069 (n=94699) after cleaning, showing that oxidation was undetected in both cleaned
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and non-cleaned PE films. The cleaning protocol was then used to clean the PE films after 24 h in
contact with dissected Gm guts. Hyperspectral FTIR imaging of the cleaned films showed that
99.5 t0 99.9% of the film surface were free from protein contaminants. Protein contamination was
only detected at few, micron-sized, discrete locations. Films in contact for longer periods were

more contaminated.

It could also be more appropriate to measure the IR spectra in the surface sensitive Attenuated
Total Reflection (ATR) mode rather than the transmission mode since it can be expected that PE
oxidation by gut extracts or by microbial biofilms will happen mostly at the surface of the PE film

or particles.

The spectra should preferably be displayed in absorbance mode (making peak height linearly
proportional to concentration) and normalized on a relevant band (such as the —CH,— bending at
1465 cm™') to facilitate interpretation and comparisons. The oxidation should be assessed by using
an objective marker such as the carbonyl index (area ratio of the carbonyl band and that of the
methylene group at 1465 cm™!) or more sensitive indices [35]. For example, the carbonyl indices
of the thermally oxidized PE, photo-oxidized PE and pristine PE were respectively 4.07, 0.37 and

-0.63.

The computation of second derivative spectra should be used to deconvolute the complex carbonyl
C=0 peak to identify its multiple components and elucidate the oxidation mechanism as shown in
Figure 2A and 2C. The information gathered from the second derivative was used to perform
curve-fitting analyses of the carbonyl band and to find the relative contributions of the peaks

(Figure 2B and D).
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Since FTIR is a non-destructive technique it could theoretically be used to follow plastic
degradation by measuring the same sample at different times during the oxidation process to
monitor its kinetic. However, this would require cleaning before and sterilizing after each

measurement.

The technique of “difference spectroscopy” could be useful for studying spectral changes by
systematically subtracting the spectrum from unaltered sample from that of the oxidized sample to
reveal the spectral differences and eliminate unchanging peaks. It can be performed systematically
to follow changes at every step of an oxidation kinetic [36]. Here, we used spectra from photo-
oxidized PE and thermally-oxidized PE to demonstrate difference spectroscopy (Figure 2E). The
thermally oxidized PE exhibit stronger carbonyl peaks at 1780 cm™! (peroxides, absent in photo-
oxidized PE) and 1737 cm™! (esters, weaker in photo-oxidized PE). The spectra were normalized

on the ketone peak, assuming the ketone intensity was the same in both spectra.

4. Conclusion

FTIR spectroscopy in its various modes can be a useful tool to detect, follow, quantify and
understand plastic bio-oxidation but it requires a good understanding of the technique, adequate
sampling method (ATR must be preferred for evaluating the oxidation at the surface of plastic
films), suitable sample preparation (cleaning to remove biocontaminants without altering the
plastic oxidation state), and a correct analysis for interpreting the mechanism of oxidation. IR
spectra from protein and fat contaminants may be confounded for oxidation signs and must thus

be eliminated before qualitatively or quantitatively assessing the plastic oxidation.
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Figure 1 FTIR spectra of PE and various confounding signals. A) ATR-FTIR spectra of Gm frass
(from larvae fed a beeswax and pollen diet), of PE fragments measured directly in Gm frass, and
of strongly oxidized PE. All PE peaks are overlapped by stronger peaks from biological molecules
in the frass. Insert: zoom on the amide I region of the PE in frass spectrum to point out the shoulder
of the C=0 peak at 1740 cm'!. B) ATR-FTIR spectra from possible bio-contaminants: Gm gut
tissue, pollen, beeswax, Streptomyces microbial biofilm and silk. The C—O (1170 cm') and C=0O
peaks (1700-1760 cm™') in oxidized PE can be totally obscured by stronger peaks from Gm gut
tissue, pollen or beeswax. C) ATR-FTIR spectra of pristine PE, bio-oxidized PE (24 h in contact
with Gm gut) and thermally oxidized PE (140 °C, 22 h) in the C=O region evidencing the 150
times weaker C=0 from bio-oxidation (the bio-oxidized PE spectrum was multiplied by 10). D)
Other confounding factors: spectrum of a PE film with interference fringes, water vapor spetrum
and noisy ATR spectrum; interference fringes and O-H peaks are found at the C=0 peak position.
All spectra were normalized and offset for clarity.

14



Photo-oxidized PE
Second derivative spectru

A - = Peak1at1711cm’’
= = Peak 2at1720 cm™'
Peak 3 at 1737.7 cm”’
+ |Initial data
Lorentzian Fit
residual

Absorbance (A.U.)
Absorbance (A.U.)

1820 1800 1780 1760 1740 1720 1700 1680 1820 1800 1780 1760 1740 1720 1700 1680
Wavenumber (cm'1) Wavenumber (cm'1)

- Thermally oxidized PE - - R

Second gerivative spectr — ~ Peak1at1713cm’

| — = Peak2at1737.6 cm™
Peak 3 at 1778 cm’™

* |Initial data

Lorentzian Fit

residual

Absorbance (A.U.)
Absorbance (A.U.)

1820 1800 1780 1760 1740 1720 1700 1680 1820 1800 1780 1760 1740 1720 1700 1680
Wavenumber (cm'1 ) Wavenumber (cm'1 )
I I I I 1 I
B Thermally oxidized PE E -

Photo-oxidized PE
|- —— Difference spectrum

Absorbance (A.U.)

1820 1800 1780 1760 1740 1720 1700 1680
Wavenumber (cm'1)

Figure 2 Example of use of second derivative, curve-fitting, and difference spectroscopy for
analyzing PE oxidation. Thermally oxidized and photo-oxidized PE samples were used. The
complex carbonyl band of oxidized PE was analyzed by second derivative (A and C) and computed
with a Savitzky-Golay filter (9 points window, 2" order polynomial). The curve-fitting analysis
(B and D) performed by least-square minimization with an in-house script based on the Python
Imfit package [37] in the Quasar software. The second derivative spectrum was used to find the
peaks (appearing as narrower negative peaks), marked by thin lines, inside the larger carbonyl
band. The curve-fitting analysis was used for decomposing the carbonyl band in its main
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components and find their relative contributions. For both samples, we decomposed the carbonyl
band in 3 peaks. A) and B) the photo-oxidized PE was fitted with 3 Lorentzian peaks at 1711 cm-
I (ketones), 1720 cm! (aldehydes) and 1737.7 cm™! (esters) — (tentative assignments). C) and D)
thermally oxidized PE: the carbonyl band was fitted with 3 Lorentzian peaks at 1713 cm!
(ketones), 1737.6 cm’! (esters), and 1778 cm™! (peroxides) —tentative assignments. E) Difference
spectroscopy for comparing the oxidation mechanisms. The spectra of thermally oxidized (TOx)
PE and photo-oxidized (POx) PE were normalized on the ketone peak at 1712 cm! and subtracted.
The resulting TOx — POx difference spectrum shows peaks at about 1780 cm-1 (peroxides), 1737
cm-1 (esters), revealing that the thermally oxidized PE contains more esters and peroxides than
the photo-oxidized PE. The round peak near 1700 cm™! may come the difference in width between
the ketone peaks, the TOx-PE peak being wider suggests more conformational freedom or more
diverse oxidation sites; or from the optical dispersion effect in strong peak feet.
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Highlights

e Molecular bases for the detection of plastic oxidation by FTIR spectroscopy are reviewed

e A list of IR absorption peaks for oxidized PE and PS and their interpretation is given

e Spectra of biological contaminants are presented

e A protocol for cleaning plastics from bio-contaminants while preserving their oxidation
state is given

e Simple methods for analyzing the infrared spectra are suggested
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