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ARTICLE INFO ABSTRACT
Keywords: The knowledge of the polymeric composition of microplastics (MPs) is interesting because offers
Microplastics useful information on the resistance, durability, and degradability of these materials, also
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staining dyes

allowing progress in the control of this contamination. However, there is currently a lack of
reliable standardized methods for the identification, and characterization of the plastic micro-
particles. This work uses different techniques in a complementary manner for the identification,
and characterization of MPs that more frequently are found in the environment. A total of 10
types of plastics were collected (polystyrene (PS), polyethylene terephthalate (PETE), poly-
ethylene (PE), high- and low-density polyethylene (HDPE and LDPE, respectively), polyvinyl
chloride (PVC), polypropylene (PP), polytetrafluoroethylene (PTFE), Polyamide (PA, Nylon 6,6)
and poly-carbonate (PC)) and their chemical identification were analyzed by reflectance-
attenuated infrared (FTIR-ATR). Furthermore, the samples were observed using light micro-
scopy, and scan-ning electron microscopy (SEM). Also, staining with 12 different dyes was per-
formed to improve the identification of microplastics. The results of this study revealed that PETE,
PE, HDPE and LDPE, whose SEM images exhibited smoothness and flat uniformity of their sur-
face, were not (or less) susceptible to adsorb staining solutions while PP, PA, PVC, and PTFE, were
capable of adsorbing the dye solutions.

1. Introduction

Plastic materials are organic polymers derived from petroleum, which have different properties and characteristics such as
durability, lightness, and versatility, besides their easy production and low cost [1].
The most used plastics are high- and low-density polyethylene (HDPE and LDPE, respectively), polyvinyl chloride (PVC),
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polypropylene (PP), polyethylene terephthalate (PETE), polystyrene (PS) and polyurethane (PU) [2].

The excessive and growing manufacture of plastics has arranged the production of these materials in one of the great problems of
the 21st century due to an accidental/indiscriminate discharges, inappropriate recycling, or incorrect handling. Therefore, plastic
waste has accumulated uncontrollably in the various environmental compartments, affecting a wide range of aquatic and terrestrial
ecosystems [3].

Once in the environment, plastics debris can breakdown by ultraviolet radiation, abrasion, heat, etc., forming small fragments
called microplastics (MPs) with different colors, sizes, and shapes [4]. The US National Oceanographic and Atmospheric Agency
(NOAA) held the first international meeting on microplastics in 2008, where polymeric particles with a size of less than 5 mm were
established as microplastics [5].

As a result of their small size, these waste particles can persist for extended periods in soils and sediments, in the air, and in aquatic
environments. MPs exposure on aquatic organism can cause, physical and physiological damage such as block the digestive organs, low
growth rate, oxidative stress, decreased fecundity, etc. [6]. In addition, they can release their chemical additives, because these are not
chemically bounded to the plastic matrix [7] and they have the ability of adsorbing toxic compounds from the environment such as
heavy metals, persistent organic pollutants, etc. To compound the problem, the trophic transfer of microplastics in the trophic chain
being able pose a threat on human health [8].

Several strategies based on pyrolysis-GC/MS [9,10], thermogravimetric analysis combined with gas chromatography coupled to
mass spectrometry (TGA-GC/MS) [11,12], Raman spectroscopy [13-15], and FTIR-ATR spectroscopy [16-19] have been employed to
analyze MPs in different environmental matrices. Other methodologies which incorporated microscopic analytical techniques and
based on optical spectroscopy have been extensively applied for the detection, identification and characterization of plastic particles
due to their relative low-cost, easiness, and time efficciency [20].

Although visual identification by optical microscopy helps to differentiate plastics from organic and mineral matter, it is still
possible to underestimate or overestimate the quantity of plastics detected. For this reason, to date the results obtained by this
technique are not adequate for the correct identification of MPs. To solve these problems, various studies have used different dyes such
as red nile, rhodamine B, eosin B, hostasol yellow 3G or rose bengal for the identification of plastics by fluorescence [21-25].

A microscopic technique widely applied for the visual characterization of MPs is scanning electron microscopy (SEM). This method
is used specifically for its ability to provide detailed information about the morphological structure of MPs, including precise details
about their surface and particle size [26,27]. It has been used successfully to differentiate MPs between 1 pm and 1 mm [28]. But the
current trend for the separation, identification and quantification of MPs is the combination of microscopic techniques with spectral
analytical methods.

Spectroscopic analytical methods provide more precise information, enabling the identification of plastic particles and offering
insights into the composition of the samples under study. FTIR-ATR microscopy has been used as a distinctive technique for identi-
fication of MPs since each polymer exhibits characteristic bands, because the vibrational energy levels are unique to each molecule.

Among the advantages of this technique are its speed, simplicity, and non-destructive nature [29-31]. In addition, FTIR-ATR is a
very versatile technique that allows the study of samples of different characteristics, such as liquids, gels, fibers, films, etc. [32].
Besides, when plastic consists of a mixture of different polymers, its identification becomes challenging, even when a reference spectral
library is used. Nevertheless, although the applicability of this technique has been outlined separately, the analytical protocols require
the coordination of several methods to provide more accurate and reliable results. In this context, optical and/or SEM microscopy have
also been applied complementarily in many cases to confirm the identification of the polymeric particles [33,34].

In this study, a combination of three analytical techniques such as FTIR-ATR, optical microscopy with staining, and SEM have been
used complementarily to stablish an unequivocal protocol enabling the identification and differentiation of ten types of microplastics
such as polyethylene (PE), PETE, LDPE, HDPE, PS, polycarbonate (PC), PP, PVC, polytetrafluoroethylene (PTFE), and polyamide (PA,
Nylon 6,6).

2. Materials and methods
2.1. Plastic materials

The standards of PETE, LDPE, HDPE, and PS used for these studies were in pellet form (sized about 4 mm in diameter). Whereas the
PVC and PE were in powder form. The aforementioned standards were purchased from Sigma Aldrich (Madrid, Spain). PC, PP, PTFE,
and PA (Nylon 6,6) were in membrane form (with a diameter of 4.7 mm) were from Whatman (Little Chalfont, UK). To carry out the
different characterization studies, the membranes were cut into square pieces with a size of 2 mm on each side.

2.2. Sample processing and FTIR-ATR spectra acquisition

FTIR analyses of the plastic materials used as references were carried out using the Attenuated Total Reflectance (ATR) mode. The
ATR mode is characterized by its minimal preparation stages and the small amount of sample required, beside its effectiveness to
obtain quality IR absorbance spectra. Infrared spectra were obtained using a Spectrum FT-IR-4100 Spectrometer equipped with ATR.

PRO ONE Accessory (FTIR-ATR) (JASCO, Tokyo, Japan) and Spectra Manager® Software Ver.2 (JASCO, Tokyo, Japan), in the
medium infrared range between 4000 and 300 cm™ L, at resolution of 4 cm ™!, and with a data interval of 1 cm ™. Measurements were
carried out by placing the polymeric samples on the surface of the crystal (3.0 x 3.0 mm). Prior to each sample measurement, the FTIR-
ATR crystal was cleaned with isopropanol. The obtained spectra for the different materials were compared with those in the
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Fig. 1. Representative IR spectra obtained for plastic samples: (A) PETE, (B) PVC, (C) PP, (D) PS, (E) PA (Nylon 6,6), (F) PTFE and (G) PC.

equipment’s library to confirm identification with certainty. In all cases, it was found that the matches between the obtained spectra
and those in the library were above 90 %.

2.3. Staining procedure for optical microscopy study

Twelve different staining dye solutions (thorin, bromocresol green, bengal rose, lucifer yellow, alizarin, nile red, rodhamine B, titan
yellow, black amide, phenol red, eriochrome blue, cresol red) were tested. Bromocresol green, alizarin, phenol red, titan yellow, cresol
red, and eriochrome blue were supplied by Merck (Darmstadt, Germany). Thorin, bengal rose, lucifer yellow, nile red, rhodamine B,
and black amide were obtained from sigma Aldrich (Madrid, Spain).

Staining dye solutions were prepared at 50 pg ml~! in methanol (MACRON Fine Chemicals, Poland) because common plastics (most
frequently used today) are resistant to this solvent [35]. The polymeric materials were placed in glass vials and exposed to 0.5 ml of
different staining dye solutions for 1 h at room temperature and in the dark, following the procedure outlined by Maes et al., 2017 [21].
After that, polymers were dried at room temperature overnight [21]. Subsequently, the samples were placed in a sample holder to be
observed by light microscope NIKON Eclipse 80i (Tokio, Japan) equipped with a monitor (Digital Sight DS-L1, Tokyo, Japan).
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Fig. 2. IR spectra collected for (A) PE, (B) HDPE and LDPE.
2.4. Surface morphology analysis by scanning electron microscopy (SEM)

The surface morphology of the polymeric material was examined by a Scanning Electron Microscope (SEM)EM-30AX Plus COXEM
from JASCO (COXEM, Korea). The samples were coated with Au using a SPT-20 sputter coater, step necessary before SEM analysis. The
samples were mounted in a metal stub using a sticky carbon disc and they were coated with 50 nm of gold for 300 s at 50 mA. The

prepared samples were then observed under SEM at an accelerated voltage of 20 kV and a magnification between 70 and 100,000
times.

3. Results and discussion
3.1. Identification of polymers by FTIR-ATR

To examine the differences between the studied plastic materials including PP, PE, HDPE, LDPE, PVC, PETE, PS, PC, PTFE, and PA
(Nylon 6,6), FTIR-ATR spectra were performed. Figs. 1 and 2 show the corresponding IR spectra. The different main absorption bands
for the ten polymeric materials studied were summarized in Table 1. The spectra were recorded and compared to absorption bands of
each polymer reported in the literature [36-42]. The FTIR spectra of PETE (Fig. 1A), PP (Fig. 1C), PS (Fig. 1D), PA (Nylon 6,6)
(Fig. 1E), PC (Fig. 1G), PE (Fig. 2A), HDPE (Fig. 2B), and LDPE (Fig. 2B) show medium to strong absorption bands around
3200-500 cm 1. On the other hand, the bands in PVC (Fig. 1B) and PTFE (Fig. 1F), only are present around 1400-500 cm . Spectra of
PP and PS showed absorption bands around 3000-2800 em™! due to CH, asymmetric and symmetric stretch, but with different in-
tensity. Additionally, a band present at 3284 cm ™ ! assigned to N-H stretch only is present in FTIR spectrum of PA (Nylon 6,6). PETE
and PC are the only ones that show an intensity band around 1700 cm’, which represents the group C-O stretch. In addition, PTFE is
the sample with the fewest characteristic bands.

Fig. 2 shows the IR spectra obtained for PE (Fig. 2A), HDPE (Fig. 2B), and LDPE (Fig. 2B), respectively. We note that all three
compounds show medium to strong absorption bands located around 719, 1462, 2847, and 2914 cm L. All of them showed strong
adsorption bands around 2850-2915 cm™! due to CH, symmetric and asymmetric stretch. Peaks located around 1462 and 719 cm™!
are assigned to CHy bend and C-O stretch, respectively. However, the greatest difficulty is to differentiate between HDPE and LDPE.
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Table 1
Summary of important vibration modes and mode assignments for the FTIR-ATR spectra of the ten polymers identified.

Polymer Absorption bands (cm ™) Assignment

PETE 1714 1090 C-O stretch C-O stretch
1230 719 C-O stretch Aromatic ring C-H wag

HDPE 2914 1462 CH, asymmetric stretch CH, bend
2847 719 CH, symmetric stretch CH,, rock

PVC 1241 832 CH bend C-C stretch
957 602 CH,, rock C-Cl stretch

LDPE 2914 1376 CH, asymmetric stretch CHj3 symmetric bend
2847 719 CH; symmetric stretch CH,, rock
1462 CH, bend

PP 2953 1376 CHj; asymmetric stretch CHj3 symmetric bend
2914 1170 CH, asymmetric stretch CH bend, CH; rock and C-C stretch
2840 998 CH; symmetric stretch CH bend, CH; wag and CH3 rock
1455 CH,, scissors

PE 2914 1376 CH; asymmetric stretch CH3 symmetric bend
2847 719 CH; symmetric stretch CH,, rock
1462 CH, bend

PS 3018 1485 Aromatic C-H stretch Aromatic ring C-C stretch
2916 905 CH; asymmetric and symmetric stretch Aromatic C-H bend (out-of-plane)
2842 748 CH; asymmetric and symmetric stretch Aromatic C-H bend (out-of-plane)
1594 694 Aromatic ring C-C stretch Aromatic ring (out-of-plane) bend

PC 2965 1083 CHj3 asymmetric stretch C-C stretch
2876 1014 CH3 symmetric stretch Aromatic C-H (in-plane) bend
1764 830 C-O stretch Aromatic ring C-H (out-of-plane) wag
1505 Aromatic ring stretch

PTFE 1211 554 CF, symmetric stretch CF, bend
1153 514 CF, stretch C-C-F bend
636 C-C-F bend

PA 3284 1635 N-H stretch C-O stretch

because both compounds share the same structural unit, chemical bonds, functional groups, and identical wavenumbers [43].
When more in-depth studies of the FTIR spectra of HDPE and LDPE were carried out, it was observed a 1376 cm ™! band in the sample of
LDPE, while in HDPE it only could be seen a small shoulder (Fig. 2B). These results are in accordance with those obtained by other
authors. Asencio et al., 2009 [43] and Gulmine et al., 2002 [44] carried out studies where the band at 1376 cm ! also allows the
differentiation between HDPE and LDPE. Jung et al., 2018, developed a decision flow chart for differentiating HDPE, LDPE and linear
low-density polyethylene (LLDPE) using FTIR-ATR spectra [37].

3.2. Optical microscopy and analyses of obtained images

The synthetic polymer samples stained with different dyes (thorin, bromocresol green, bengal rose, lucifer yellow, alizarin, nile red,
rhodamine B, titan yellow, black amide, phenol red, eriochrome blue and cresol red) were observed under optical microscope to
evaluate the polymer ability to adsorb the dye, which would allow to identify them.

Photographs of stained samples are shown in Fig. 3.

The identification of the type of polymer in MPs depends on the adsorption capacity towards the dye and the resulting appearance
of the different polymers after this staining process. In general, the stained polymer samples exhibited varying colors and intensities
when observed under the light microscope. The intense coloration that the samples acquired after the adsorption of the dyes tested was
similar for certain polymeric materials (PP, PVC, PA (Nylon 6,6) and PTFE) but varied significantly in others, which exhibited less dye
adsorption and therefore less degree of coloration (PETE, HDPE, LDPE, PS, PC and PE). PVC, PA (Nylon 6,6), PP and PTFE samples
showed clear staining when thorin (dye 1) was used. This pattern across the results, with similar outcomes for bengal rose, titan yellow,
and erichrome blue (dyes 2, 5 and 6), although PVC exhibited less intense staining in these cases. Nile Red (3) was also effective in
staining the above-mentioned types of plastics in addition to PC. Rhodamine B (4) fully stained PP, PA (Nylon 6,6), and PTFE samples,
while PETE, HDPE, PS, PC, and PVC samples showed only slight coloration. Similarly, bromocresol green, lucifer yellow, alizarin,
amide black, phenol red and cresol red (dyes 7-12) were only capable of staining PVC, PP, PA (Nylon 6,6) and PTFE samples.

3.2.1. Scanning electron microscopy (SEM) results

To establish the surface morphology, physical characteristics (smooth, flat, porous, rough, etc.) of the microplastics of the different
polymers, a SEM study was carried out. The results obtained are shown in Fig. 4. All tested microplastics exhibited different mor-
phologies with characteristic surface textures and shapes. Under the electron microscope, the HDPE sample is the polymer that
revealed greater smoothness and surface uniformity with a flat and smooth surface (Fig. 4A and B). In contrast, aggregates of irregular
particles can be observed in PVC (Fig. 4E and F). The SEM photographs obtained for PS showed a representative pattern in the
morphology of this polymeric material (Fig. 41 and J). In the case of PE (Fig. 4C and D), HDPE (Fig. 4G and H) and LDPE (Fig. 4K and L),
respectively, less homogeneity can be observed in its surface compared to PETE. For these polymers that exhibit similar morphology,
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Fig. 3. Optical microscopy magnified images (objective 25x) observed under white light of the stained PETE, HDPE, PVC, LDPE, PP, PS, PC, PA
(Nylon 6,6), PTFE and PE with different dyes: (1) thorin, (2) rose bengal, (3) nile red, (4) rhodamine B, (5) titan yellow, (6) eriochrome blue, (7)
bromocresol green, (8) lucifer yellow, (9) alizarin, (10) amide black, (11) phenol red and (12) cresol red.

Fig. 4. SEM micrographs of the polymer sample’s morphology: PETE (A) x 1K and (B) x 10K; PE (C) x 1K and (D) x 10K; PVC (E) x 1K and
(F) x 10K; HDPE (G) x 1K and (H) x 10K; PS (I) x 1K and (J) x 10K; LDPE (K) x 1K and (L) x 10K
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10pm

Fig. 5. SEM images for PA (Nylon 6,6) (A) x 1K and (B) x 10K; PC (C) x 1K and (D) x 20K; PP (E) x 1K and (F) x 5K; PTFE (G) x 1K and (H) x 5K

their differentiation by SEM is difficult.

However, SEM images of PA (Nylon 6,6) (Fig. 5A and B) revealed the presence of porous surfaces and cavities with a wide range of
size distribution around 5 pm. Fig. 5 (C-D) shows the morphological surface of the PC, exhibiting a non-uniformly distributed porous
structure with a mean diameter of 145.5 nm. In the case of PP, a microporous structure with slit-shaped pores was identified, with an
average size range between 3 and 8 pm (Fig. 5E and F); while for PTFE a surface composed of nodes and cross-linked fibers with an
average size of 3 pm is observed (Fig. 5G and H).

These results align with those obtained from the light microscopy studies, since polymers such as PETE, PE, HDPE, and LDPE,
whose SEM images exhibited smoothness and flat uniformity on their surface, were not (or less) susceptible to adsorb staining solu-
tions. In the same way, those MPs that showed porous structures by SEM analysis, such as PP, PA (Nylon 6,6), and PTFE were capable of
adsorbing the dye solutions, acquiring a strong staining.

This fact implies that polymers can be unequivocally identified and classified into groups of MPs, those that are dyed (PA, PVC, PP,
PTFE) and those that are not (PETE, PE, PC, HDPE, PS LDPE) with the dyes tested.

It is known that the adsorption of molecules on particle surfaces is generally due to hydrophobicity, electrostatics, van der Waals
force, hydrogen bonding, which affect the extent to which dyes are adsorbed to the surfaces of microplastic particles [45,46]. These
factors, in turn, are affected by pH, temperature, solvents, etc. [47]. According to Maes et al., the adsorption mainly depends on the
degree of hydrophobicity between the dye and the polymer [21]. This statement is based on the partition coefficient, log Po which is
defined as logarithm of the ratio of the concentration of a substance in 1-octanol at equilibrium and water at a specified temperature.

Magenau et al., (2015)[48] established the order of hydrophobicity of the polymers: PS > PETE > PP > PE > PVC > PA, meaning
that the most hydrophobic polymers are the ones that adsorb the most [48]. Our results reveal that some polymers, despite having
higher partition coefficients, do not adsorb dye. In the case of PETE, despite having a high partition coefficient (5.51), it does not
adsorb any dye, which can be explained according to its less porous structure. In contrast, PA (1.85) and PVC (2.76) with lower co-
efficients, adsorb dyes and coincide with structures of higher porosity.

4. Conclusions

A systematic study with ten types of plastics materials standards (PETE, PE, HDPE, LDPE, PA (Nylon 6,6), PC, PP, PS, PVC and
PTFE) were provided to establish a standardized protocol for their reliable identification and characterization by FTIR-ATR spec-
troscopy, scanning electron and optical microscopies. This study confirms the capacity of the FTIR technique for the identification of
the different polymers tested from the unique vibrational modes that dictate the identity of the plastic in the resulting spectra obtained.
The SEM images showed that PETE, PE, PVC, PS, HDPE, and LDPE exhibited smoothness and no porosity surfaces, while the surfaces of
PP, PC, PTFE, and PA (Nylon 6,6) exhibited roughness and porosity. These results are supported and consistent with those obtained in
the optical microscopy studies testing different dyes, where it can be observed how plastic materials with higher porosity (PP, PA
(Nylon 6,6) and PTFE) are more prone to staining (thorin, bromocresol green, lucifer yellow, alizarin, amide black, phenol red). The
Nile Red produced a marked staining in PVC, PP, PTFE, and PA (Nylon 6,6), and to a lesser extent in PC. This research demonstrated the
significant potential of the combination of these three techniques for more accurate identification of MPs.
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