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Abstract The presence of microplastics in aquatic ecosys-
tems is a topical problem and leads to the need of appropriate
and reliable analytical methods to distinctly identify and to
quantify these particles in environmental samples. As an ex-
ample transmission, Fourier transform infrared (FTIR) imag-
ing can be used to analyze samples directly on filters without
any visual presorting, when the environmental sample was
afore extracted, purified, and filtered. However, this analytical
approach is strongly restricted by the limited IR transparency
of conventional filter materials. Within this study, we describe
a novel silicon (Si) filter substrate produced by photolitho-
graphic microstructuring, which guarantees sufficient trans-
parency for the broad mid-infrared region of 4000-600 cm™.
This filter type features holes with a diameter of 10 um and
exhibits adequate mechanical stability. Furthermore, it will be
shown that our Si filter substrate allows a distinct identifica-
tion of the most common microplastics, polyethylene (PE),
and polypropylene (PP), in the characteristic fingerprint

>4 Andrea Képpler
kaeppler@ipfdd.de

Leibniz Institute of Polymer Research Dresden, Hohe Str. 6,
01069 Dresden, Germany

Organic Chemistry of Polymers, TU Dresden,
01062 Dresden, Germany

Fraunhofer Institute for Reliability and Microintegration - All Silicon
System Integration Dresden, Ringstrafle 12,
01468 Moritzburg, Germany

Animal Ecology I, University of Bayreuth,
95440 Bayreuth, Germany

Leibniz Institute of Baltic Sea Research, Seestralle 15,
18119 Rostock, Germany

region (1400600 cm™). Moreover, using the Si filter sub-
strate, a differentiation of microparticles of polyesters having
quite similar chemical structure, like polyethylene terephthal-
ate (PET) and polybutylene terephthalate (PBT), is now pos-
sible, which facilitates a visualization of their distribution
within a microplastic sample by FTIR imaging. Finally, this
Si filter can also be used as substrate for Raman microscopy—
a second complementary spectroscopic technique—to identi-
fy microplastic samples.

Keywords Filter substrate - Microplastic identification -
FTIR imaging - Raman - Silicon filter

Introduction

The presence of microplastics, i.e., micro-sized particles of
synthetic polymers in a size range from 5 mm down to a few
microns [1, 2], in marine ecosystems is documented for many
different habitats worldwide. Microplastics were observed not
only at the sea surface [3, 4], in the water column [5—7], and in
beach sediments [8, 9] but also down to deep-sea sediments
[10]. Furthermore, microplastics also affect limnic waters that
are highly frequented by shipping or tourism, like rivers [11]
and lakes [12, 13], but also remote waters face the problem of
microplastic pollution [14]. Given the presence of microplastics
in freshwater ecosystems, it is obvious that terrestrial ecosys-
tems should be investigated with regard to the presence of
microplastics and their biological effects [15].

In principle, microplastics can arise from all types of
mismanaged plastic waste via UV degradation and mechani-
cal abrasion [1]. These mainly fragmented particles as well as
residues of washed out cloth fibers are counted among sec-
ondary microplastics. Together with so-called primary
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microplastics, which are produced as industrial raw pellets or
as small-sized particles for the use in, e.g., cosmetic products
[16—-18] and washing and cleaning agents, a broad spectrum of
differently shaped microplastics (fibers, fragmented particles,
spherical granulates, etc.) can enter the environment.

Basically, microplastics in marine ecosystems can originate
from two different sources, inland or offshore. Sea-based
sources include waste and fragmented particles from fishing
activities (nets, ropes) [1], shipping (tourism, merchant) [19],
and offshore platforms [20], for instance. However, the main
part of plastic debris in the oceans seems to originate from
inland sources [1]. The input of land-based plastic debris into
the marine environment was estimated to 4.8—12.7 million
metric tons in 2010 [21]. The transport of land-based
microplastics to the oceans is driven by rivers, sewage waters,
or wind flow [20].

The biological impacts of microplastics on marine ecosys-
tems and the involved working mechanisms are being inten-
sively studied. Negative effects have been reported. Because
of their small size, microplastics can be mistaken for food and
can be ingested by a variety of organisms [22], ranging from
filtering copepods [23, 24], over bivalves cultured for human
consumption [25] to wildlife fishes [26, 27]. In addition to
physical harm following ingestion of microplastics (intern
and extern lesions, blockage of the intestinal tract) [28], their
additives like endocrine-disrupting plasticizers or flame retar-
dants as well as adsorbed and accumulated toxic contaminants
like PCB and PAH [29, 30] pose a potential risk for the marine
food web. Furthermore, microplastics are considered as a
transport vehicle for potential pathogenic microbial popula-
tions. Thereby, a specific microbial biofilm is able to colonize
plastic debris in marine environments [31, 32]. These micro-
bial communities can contain potential harmful species [31,
33] and vary in their structure and composition depending on
geographic position, season, and polymer type [34].

Although the occurrence of microplastics in aquatic ecosys-
tems is well-documented and potential risks for the aquatic
biota are indicated, a valid and standardized analytical system
to identify and quantify microplastics in environmental samples
is still missing [2]. Studies reporting the presence of
microplastics in environmental systems are only partially com-
parable because of the variety of methods regarding sampling,
preparation, identification, and size classification [2]. Investi-
gation of microplastic samples by visual methods alone can
lead to misidentification and, depending on the size of the par-
ticles, to over- or underestimation [2, 35]. A trustworthy iden-
tification of microscopic particles includes two consecutive
steps: first, the decision whether a particular particle is a syn-
thetic polymer or not and second, the identification of its poly-
mer type. Both are solely possible on the basis of their chemical
structure. For this purpose, sequential pyrolysis-gas chromatog-
raphy coupled to mass spectrometry (py-GC/MS) [8] and vi-
brational spectroscopic methods like Fourier transform infrared
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(FTIR) spectroscopy [3, 4] or Raman spectroscopy [10, 13] are
usually used. The advantage of py-GC/MS is the detection of
both polymer type of a microplastic particle and contained
plastic additives simultaneously [36]. However, this approach
works only for isolated particles after a visual presorting and is
size limited by the ability of handling particles manually [36].
A further disadvantage of py-GC/MS is the destruction of the
investigated particles during the analysis.

To overcome the aforementioned limitations, the use of a
non-invasive characterization method is highly recommend-
ed. If coupled with a microscope, spectroscopic methods (Ra-
man or FTIR) provide chemical structure information com-
bined with high lateral resolution. In the case of Raman mi-
croscopy, a lateral resolution up to 500 nm can be achieved
with a 532-nm laser and a x100 objective (NA=0.75). Hence,
Raman imaging offers the potential of an automatable method
to analyze microplastics directly on filters without any visual
presorting, furthermore, to investigate large filter areas. How-
ever, it is necessary to eliminate disturbing biological compo-
nents by an efficient sample preparation to avoid fluorescence
during the Raman measurement. Otherwise, fluorescence due
to the presence of a biofilm superposes the Raman signal,
which can fully hamper particle identification. Furthermore,
an automated process ensuring optimal focusing on each po-
tential microplastic particle is needed. These are current chal-
lenges to cope with.

The second promising non-invasive technique in this field is
FTIR microscopy and FTIR imaging. Recently, Loder et al.
suggested an analysis protocol for the identification of
microplastics in environmental samples using focal plane array
detector (FPA)-based FTIR imaging. After sample extraction
via density separation [37] and enzymatic purification, the
complete environmental sample (e.g., plankton or sediment)
is concentrated on a filter [35]. Subsequently, the whole filter
area (about 10 mm in diameter) is measured automatically
without any visual presorting and is analyzed via FTIR imaging
[35]. This optimized analytical approach allows the detection of
microplastics with a particle size down to 20 um during a semi-
automated process [35]. To do this, FTIR imaging has to be
performed in transmission mode. Specular reflection FTIR im-
aging does not give satisfying results because polymer surfaces
in principle reflect IR radiation very weakly and irregular-
shaped particles cause refractive error resulting from the super-
position of directed and undirected reflection [35, 38]. The
attenuated total reflection (ATR) technique combined with a
FTIR microscope is suitable for the investigation of large
microplastic particles (>500 pum) [12, 35]. However, an auto-
matable mapping or imaging method in ATR mode is not real-
izable for small microplastics due to the risk that particles ad-
here to the ATR crystal during the measurement and, further-
more, it is extremely time-consuming.

For transmission FTIR imaging of microplastic samples
concentrated on filters, a suitable filter substrate is crucial.
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For this purpose, the filter substrate has to be IR transparent at
a wide spectral range (no self-absorption) for distinct polymer
identification. In addition, it has to be water-resistant and me-
chanically stable and it must include pores or holes to enable
vacuum filtration of aqueous samples. Conventional IR trans-
parent substrates are either water-soluble (NaCl, KBr, and
Csl), toxic (KRS-5—a solid solution of thallium bromide
and thallium iodide) or they are not suitable for creating holes
or pores (CaF,, ZnS, etc.) [39]. Loder et al. tested different
commercially available filter substrates and recommended an
aluminum oxide membrane filter (Anodisc, Whatman) for
transmission FTIR imaging of environmental microplastic
samples. However, this filter material is usable only in a lim-
ited spectral range from 3800 to 1250 cm™ [35]. Due to the
self-absorption of the Anodisc filter in the mid-infrared fin-
gerprint range (1400600 cm™), a distinct identification of
potential microplastic particles and an accurate classification
of the polymer type is strongly restricted or even not possible
in every case. Moreover, the aluminum oxide filter shows a
relative high fragility, which hampers excessive handling.

Our work suggests and describes a novel silicon (Si) filter
substrate for FTIR imaging of environmental microplastic
samples produced by photolithographic microstructuring.
This filter type fulfills all requirements mentioned, in particu-
lar it guarantees good transparency for the broad mid-infrared
region of 4000-600 cm™, features holes with a diameter of
10 pum, and exhibits adequate mechanical stability. Further-
more, it will be shown that this novel Si filter substrate is able
to be applied for transmission FTIR microscopy and imaging
as well as for Raman microscopy of microplastic samples.

Methodology
Fabrication of the Si filter substrate

To prepare a conventional Si wafer for filtering purposes,
through holes were generated in the wafer by semiconductor
fabrication techniques. The manufacturing of our Si filter sub-
strates involves the following basic technology steps:

1. Etch mask formation by photolithography

2. Blind via formation by deep reactive ion etching (DRIE)

3. Through hole formation by bulk silicon thinning using
mechanical grinding/polishing technology

4. Separation of the thinned silicon filter substrates by stealth
dicing

This process allows the manufacturing of Si filter sub-
strates at low costs on 300-mm silicon wafers with standard
wafer-level production equipment used in the semiconductor
industry. The schematic process flow is shown in Fig. 1.

In detail, a standard 300-mm boron-doped silicon wafer
was used, characterized by the following properties: resistivity
range 14-21 Q) cm, orientation <100>, thickness ~775 pum.
First, a positive tone photoresist layer (AZ9260) was spin
coated on the silicon wafer until reaching a layer thickness
of ~17 um. The layer was structured by a 1x mask aligner
lithography using a 14" soda-lime glass/chrome mask. Sec-
ond, blind holes were etched into the bulk silicon using an
inductively coupled plasma source reactor applying a modi-
fied Bosch process. Sulfur hexafluoride (SFg4) and
octafluorocyclobutane (C4Fg) were used as etch gasses. The
etch depth was adjusted to >255 pum to ensure enough etch
depth for the final through hole-opening process. Details of
the deep silicon etching mechanism are described elsewhere
[40—43]. Third, the substrate was mounted on a film frame
carrier with the wafer top side face down to allow wafer thin-
ning and polishing to a target thickness of 245-250 um. This
process step opens the through holes from the wafer back side
mechanically. Finally, the thinned silicon wafer was singular-
ized into quadratic filters using stealth dicing technology [44].

To characterize the obtained Si filter substrate, microscopic
and scanning electron microscopic (SEM) images were re-
corded with an Eclipse L300N microscope (Nikon) combined
with a ConfoCam C101 confocal head (Confovis) and with a
LEO 1530 scanning electron microscope (Zeiss) at 10 kV
accelerating voltage, respectively. The samples were sputter
coated with Au/PD prior to SEM analysis.

Construction of the filter adapter

To make the quadratic Si filter substrates useable as filters
together with conventional filter holders and in order to reduce
the filtering area for the subsequent FTIR imaging [35], a
special filter adapter was developed. For this purpose, a sili-
cone seal was poured into a supporting ring of polymethyl
methacrylate (PMMA), molding its top and bottom by two
additional parts of PMMA. The two-component silicone
(Elastosil RT 625, Wacker) was mixed in vacuum to reach
an optimal degassing. All PMMA parts were CNC milled.

Microplastic model samples

Microplastic model samples were produced as thin melt films
(15 pwm) of commercial pellets of high-density polyethylene
(HDPE), polypropylene (PP), polyethylene terephthalate
(PET), and polybutylene terephthalate (PBT) with a heated
press (Specac). For the melting process, temperatures of
140 °C (HDPE), 165 °C (PP), 265 °C (PET), and 240 °C
(PBT) and a pressure of 3 tons were used. The polymer films
were cut into small pieces of about 1x2 mm? for FTIR and
Raman single measurement and of about 0.5x0.5 mm? for
FTIR imaging respectively.
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1) AZ9260 photoresist coating

2) UV exposure and development

3) DRIE etch process

4) Etched substrate mounted on
film frame

5) Back grinding, polishing,
singulation

mEmIIIIIIIM,

6) Single silicon filter device

Fig. 1 Schematic process flow to manufacture Si filter substrates on
wafer-level production equipment

Spectroscopic measurements
FTIR microscopy and FTIR imaging

FTIR microscopy Single measurements were performed
with a Vertex 70 spectrometer (Bruker) coupled with a
Hyperion 2000 FTIR microscope (Bruker) with a x15 IR
objective and a Mercury Cadmium Telluride (MCT) sin-
gle element detector. Small pieces (~1%2 mm?) of the
polymer films were placed separately onto the Si filter
substrate and onto the Anodisc filter, respectively. The
FTIR spectra of every particle were recorded consecutive-
ly in transmission mode in a wavenumber range of 4000—
600 cm™ with a spectral resolution of 4 cm™. Thirty-two
scans were co-added for every spectrum, and zero-filling
factor 4, Blackmann-Harris three-term apodization, and
Mertz phase correction were used. The background was
measured with the same settings against air or against the
investigated substrate.

FTIR imaging Measurements were carried out using a Ten-
sor 27 FTIR spectrometer (Bruker) coupled with a Hype-
rion 3000 FTIR microscope (Bruker) with a x15 IR objec-
tive and a 64 x 64 FPA detector. The simultaneous measure-
ment of all small polymer films (~0.5x0.5 mm?) placed on
the Si filter substrate was performed in transmission mode
in a wavenumber range of 4000-900 cm™ using a spectral
resolution of 8 cm™. FPA fields, 6x9, covering an area of
1000x 1500 pm? were measured. Sixteen scans were co-
added for every spectrum, and zero-filling factor 2,
Blackmann-Harris three-term apodization, and Mertz
phase correction were chosen. The background was mea-
sured with the same parameters but apart from that with 32
co-added scans against the Si filter substrate without any
sample.

Both FTIR instruments were controlled by OPUS 7.5
software (Bruker). All FTIR spectra shown in this study
were smoothed (Savitzky-Golay, 13 points) for better
illustration.
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Raman microscopy

Raman spectra were recorded by the confocal Raman micro-
scope and imaging system alpha 300R (WITec), equipped
with a 532-nm laser and a thermoelectrically cooled charge-
coupled device (CCD) detector. The measurements were per-
formed with a x20 objective and a laser power of 10 mW. The
integration time was 500 ms, and 100 scans were accumulat-
ed. The Raman system was operated by Control FOUR plus
software (WITec).

Results and discussion
Characterization of the Si filter substrate

The Si filter substrate covers an area of 11x 11 mm? and con-
tains through holes with a nominal diameter of 10 pm and a
pitch of 55 um. It offers a hole density of approximately 380
holes/mm?. Details of the filter design are shown in Fig. 2. A
main part of 22x22 mm? is repeated on a 300-mm silicon
wafer, and subsequently four Si filter substrates (11 x
11 mm?) are singularized out of each. Thus, 540 single filters
(11x11 mm?) can be obtained from one 300-mm silicon wa-
fer. The technology allows to adjust pitch and diameter of the
holes easily and to change final Si filter substrate geometry to
fit specific geometric requirements.

Microscope images of the obtained Si filter substrate com-
pared with the Anodisc filter are shown in Fig. 3. Due to the
technology, the hole diameter ranges from 16 wm on the top
side to approximately 10 pm on the Si filter back side. During
Bosch process, the AZ9260 photoresist is consumed, which
weakens protection of the upper hole areas. Hence, a widening
of the hole diameter on the top side occurs compared to the
dimension obtained after photoresist development. However,
since the Si filter is usable on both sides, the enlarged hole
diameter on the top side does not pose a problem. Compared
with the Si filter substrate, the Andodisc filter does not show a
defined structure, in fact irregular pores can be observed.

A SEM image of a hole cross section of the Si filter sub-
strate is shown in Fig. 4. A conical etch profile can be clearly
seen. In the deeper regions of the through hole (etch depth
>150 pm), grooves in the silicon sidewall are observed, which
are caused by the used Bosch process parameters. The side-
wall profile can be further optimized, if needed for the
application.

To characterize the spectroscopic properties of the obtained
Si filter substrate, transmission FTIR microscopy single mea-
surements compared with the conventional Anodisc filter
were performed. The resulting spectra are shown in Fig. 5.

The Anodisc filter shows very strong self-absorption from
1250 down to 600 cm™’, in addition to a medium intensive
absorption doublet in the range of 1745-1375 cm™.
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Fig. 2 Design of the Si filter a
substrate. (a) Main part (22 x

22 mm?) including four Si filter
substrates of 11x 11 mm? (red
square). (b) Details of the hole
design (10 um diameter, 55 um
pitch)

10 um

According to Loder et al., the Anodisc filter is consequently
usable as substrate for transmission FTIR measurements only
in the spectral range of 4000—1250 cm™. Especially, the fin-
gerprint region (1400-600 c¢m™) including characteristic
bands for distinct polymer identification is strongly restricted.

In contrast, the Si filter substrate does not show any
intensive absorption bands in the mid-IR region from
4000 to 600 cm™. Only weak peaks at 1108, 883, and
741 cm™ can be observed (inlet spectrum in Fig. 5). The
band at 1108 cm™' results from asymmetric Si-O-Si
stretching vibrations caused by interstitial oxygen impuri-
ty in the silicon lattice [45, 46]. The other two bands are
attributed to different lattice vibrations in silicon (phonon
absorption). Furthermore, an absorption band at the high-
wavelength edge of the spectrum at about 610 cm™ can be
observed. This band results from a combination of pho-
non absorption and of Si-C vibrations caused by substitu-
tional carbon impurity [46].

The mentioned absorption bands of the Si filter substrate
show very weak intensity compared to the bands of the
Anodisc filter. In a previous study on FTIR imaging of

a ® b ®
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16.1 um

15.8 ym (
[¥) 15.9 ym B g
) 16.1 um .
8 E g
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®
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60 um -

microplastics [35], a maximum acceptable absorbance value
of 0.5 for self-absorption by the filter material was discussed
to ensure the detection of weak bands of microplastic parti-
cles. This requirement is highly fulfilled by our novel Si filter
substrate in the whole range of 4000600 cm™.

Of course, the transmission spectrum of pure Si filter sub-
strates show spectral interferences due to multiple reflections
of the IR beam between the two plane-parallel boundary sur-
faces of the Si filter substrate. The intensity of the interference
pattern depends on the thickness of the substrate and decreases
with increasing thickness. A Si filter substrate with a thickness
of 250 um has been proved to be suitable in preliminary tests.
Using the pure substrate as background, this effect was elim-
inated in the spectra of the microplastics.

Our filter adapter, which facilitates filtering of aqueous
microplastics samples using the novel Si filter substrate, is
shown in Fig. 6. The conical-shaped silicone seal narrows its
inner diameter from 13 mm at the top side to 9 mm at the
filtration outfall. Thus, the filtration area is reduced what is
important to limit measurement time and amount of data for
the subsequent FTIR imaging [35]. An additional feature of

2
®
®

5

10 um
. ®
L
10.3 um

B .
60 um < |M|

Fig. 3 Light microscopic images. (a) Top side of the Si filter substrate. (b) Back side of the Si filter substrate. (¢) Anodisc filter (darkfield modus)
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Fig. 4 SEM image of the cross
section of silicon filter through
holes

Back side of the Si filter
20 pm Mag= 280 X
WD = 46 mm

the silicone seal is a quadratic cutout with an area of 11 x
11 mm? and a depth of 0.2 mm (Fig. 6) to avoid displacement
of the Si filter substrate during filtration and to guarantee
water tightness.

The filter adapter can be used in a combination with a
commercial available microanalysis filter holder (Merck)
consisting of a removable glass funnel, a glass base with inte-
grated glass frit, a silicone stopper, and a metal clip (Fig. 6).
We used a custom glass funnel with an inner diameter of
13 mm in contrast to the original one with an inner diameter
of 17 mm. Filtration was carried out by a conventional filter-
ing flask coupled with a vacuum pump (e.g., water-jet). The Si
filter was placed into the filter adapter with the top side face
down.

8 moug
S8RG
3,0 1 0,50
2,5 0,45
© 2,04 0,40
o
f=
@
Qo
S5 o
@
e}
< 4000 3500 3000 2500 2000 1500 1000
1,04
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00 _M !
T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm™] 1250 cm™

Fig.5 FTIR transmission spectra of the novel Si filter substrate (red) and
the conventional Anodisc filter (blue). The inlet spectrum shows
absorption properties of the Si filter substrate (thickness, 250 wm) in
detail
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FTIR spectroscopic identification of microplastic model
samples: comparison of Si and Anodisc filters

FTIR microscopy

First, the applicability of the Si filter substrate to identify dif-
ferent microplastic models was tested by single transmission
FTIR microscopy measurements. For this purpose, small
pieces of thin films of PE and PP—the most common synthet-
ic polymers identified so far in microplastic samples [2]—
were investigated. The results are shown in Fig. 7.

In the range of 3000-2800 cm™, CH, (PE) and CH,/CH;
(PP) stretching vibration bands are clearly seen in the spectra
regardless of the filter substrate. Although the investigated
microplastic model films are relatively thin (15 wm) compared
with the thickness expected for real environmental
microplastic particles, total absorption appears in this spectral
range. Thus, a further characterization of these bands is not
possible and their analytical worth is limited.

The bending vibration of the CH, and CH; groups can be
observed in the range of 1500-1350 cm™. However, the self-
absorption band of the Anodisc filter (blue) superposes the
band at approx. 1460 cm™ of both PE and PP. In contrast,
the Si filter substrate (orange) does not influence the polymer
spectra in this spectral range.

Due to the very strong self-absorption of the Anodisc filter
from 1250 to 600 cm™', polymer bands in this range are
completely masked. The Si filter substrate opens this region
and allows the detection of vibration bands in the fingerprint
region and below. Therefore, CH, rocking vibration at
725 cm™ can be observed in the PE spectrum and numerous
bands between 700 and 1200 cm™ caused by coupling of CHs
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Fig. 6 Photos of the filter adapter
and the complete filter unit. (a)
Bottom of the filter adapter,
quadratic cutout in the silicone
seal is shown. (b) Filter adapter
with inserted Si filter substrate. (c)
Microanalysis filter holder
(Merck) with integrated filter
adapter. (d) Filter holder mounted
on a vacuum filtering flask. (e) Si
filter substrate after filtration of a
microplastic model sample of
fragmented particles of PE and
polystyrene

and CH, rocking and C-C stretching vibrations [47] in the PP
spectrum become visible.

In the “operating range” of the Anodisc filter (4000 to
1250 cm™), the absorption profiles of the two investigated
aliphatic polymers are relatively similar. Hence, a differ-
entiation between PE and PP is solely possible with the

a

T ——PE/Anodisc
~— PE/Sifilter substrate

Absorbance

T T T
3000 2500 2000 1500 1000

(o3

T —— PPiAnodisc
~ PP/Si filter substrate

d o=~y L
ﬂ;_/ ‘
o N

Absorbance
N

30‘00 25‘00 20‘00 15‘00 10IUO
Wavenumber [cm™]
Fig. 7 FTIR transmission spectra of PE (a) and PP (b) on an Anodisc
filter (blue) and on the Si filter substrate (orange) without subtraction of
the filter signal (background: air). PE and PP bands which are detected
exclusively by applying the Si filter substrate are marked (red circle)

aid of the symmetric CH; bending band at 1377 cm™. On
the contrary, the Si filter substrate allows differentiation
and identification of the two polymers unambiguously by
means of the additional bands in the fingerprint region.
Furthermore, the main absorption bands of PE, PP, and
other synthetic polymers in the range from 3200 to
1250 cm™ (CH, and CHj stretching at 30002800 cm™
and CH, and CHj bending at 1500-1350 cm’') are not
specific enough to recognize potential microplastic parti-
cles as synthetic polymers without any doubt because
most organic substances (e.g., low-molecular hydrocar-
bons, technical waxes, etc.) show vibration bands in the
same ranges [47]. To identify and to classify environmen-
tal microplastic particles, the complete mid-infrared spec-
trum including the fingerprint region should be examined.
As it is shown in Fig. 7, the Si filter substrate ensures
better results in comparison with the conventional
Anodisc filter for this purpose.

As a second example, PET and PBT microplastic model
particles were investigated on the two filter substrates. PET
and PBT are both thermoplastic polyesters; however, PET is
used in high amounts, e.g., in food packaging (bottles, foils,
etc.) and in textiles [47], whereas PBT is processed in special
applications for, e.g., electrical engineering or automobile in-
dustry [48]. The chemical structure of PET and PBT differs
only in the length of the aliphatic segment within the mono-
meric unit. Therefore, the FTIR spectra of both polymers are
quite similar (Fig. 8).
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Fig. 8 FTIR transmission spectra a 4
of PBT (blue) and PET (green) on —— PBT/Anodisc 12?0 -
the Anodisc filter (a) and on the Si 154 —PET/Anodisc !
filter substrate (b) after !
. . Q |
subtraction of the corresponding e i ‘
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< 0,5 : { { ‘ | ‘ Y
i L, ' \' i ) 'J}w‘h
A !
004" .
3000 2000 1750 1500 1250 1000 750
b
— PBT/Si filter substrate
1519 ———PET/Si filter substrate
© 935 cm”’
é 104 1042 cm™
o
<
8
- k
0,0

T
3000

Figure 8a shows a comparison between PET und PBT on
the Anodisc filter. The very strong self-absorption of the
Anodisc from 1250 to 600 cm™ does not permit signal evalu-
ation in this spectral range. Vibration bands of samples placed
on the Anodisc filter are completely overlapped in this spectral
region. PET and PBT show nearly identical absorption profiles
in the fore spectral range (3200—1250 cm"), which makes it
impossible to differentiate both polymers.

Figure 8b displays the comparison of PET and PBT spectra
measured using the Si filter substrate. Contrary to the Anodisc
filter, all characteristic bands of the polymers are visible. A
detailed examination of the bands in the range between 1500
and 600 cm™ allows recognizing differences between PET and
PBT. For example, PBT shows additional bands at 1208 and

Fig. 9 Optical image (“video

1500

T T T T
1750 1500 1250 1000 750

Wavenumber [cm™]

A
2000

935 cm™', which are not be found in PET. Moreover, in the PET
spectrum, a characteristic band at 1042 cm™—not existing in
PBT—can be observed. This band at 1042 cm™' can be de-
scribed as a structure and orientation sensitive band of the eth-
ylene glycol linkage in the gauche form within PET [49]. The
band at 935 cm ™" is related to the amorphous phase of PBT [50].

With the help of the characteristic absorption profiles in the
range from 1500 to 600 cm™, a distinct differentiation be-
tween PET and PBT by using the Si filter substrate is possible.

FTIR imaging

These mentioned bands of PET (1042 cm™) and PBT
(935 cm™) can be used to generate respective FTIR images.
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choosing the band region of 8 & u
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955-925 cm™ for PBT (c) for _ ¥ 1
integration. The color scale 5 : ‘fi
represents the intensity of an y :
integrated band. All pictures have - BT
. . o © B
the same lateral dimensions as 2 - s :.
labeled at the optical image . : 4 :i: 0
<y
Bty
L
° s i
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Fig. 10 Raman spectra of the Anodisc filter (b/ue) and the Si filter
substrate (red)

T
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Figure 9 shows the optical image (left) of a microplastic model
sample, consisting of small pieces (0.5x0.5 mm?) of PET and
PBT films (15 um), as well as the corresponding FTIR images
recorded using the FPA detector. To illustrate the microplastic
particles, the spectral range of 1060-1033 ¢cm™ (PET) and
955-925 cm™ (PBT), respectively, was chosen. Regions of
the sample area with a high intensity of the chosen integrated
absorption band are colored red.

As seen in Fig. 9, FTIR imaging of microplastic sam-
ples on the novel Si filter substrate can be performed and
analyzed successfully. Furthermore, it is even possible to
show the distribution of two quite similar polymers as
PET and PBT within a microplastic sample. By choosing
characteristic and appropriate bands, the FTIR imaging
works excellently for the discrimination of other synthetic
polymers, too.

Raman microscopy of microplastic model samples on Si
filter substrate

Additionally, our Si filter was tested as a substrate for Raman
microscopy, the second promising non-invasive method to
detect microplastic samples. The aim is to have a substrate
which can be applied for the analysis of microplastics via both
FTIR and Raman spectroscopy.

Using Raman spectroscopy, scattering of monochromatic
light illuminating mainly the surface region (up to several
hundred microns) of a sample is detected. Therefore, the mea-
surement substrate is not as crucial as with transmission FTIR
spectroscopy. However, during the investigation of thin and
transparent samples, vibrations of the underlying substrate can
be detected. Thus, the filter substrate for Raman microscopy
and Raman imaging of microplastic samples should not ex-
hibit any own bands in the range of the polymer bands; fur-
thermore, it optimally should not show any fluorescence.

In Fig. 10, the Raman spectra of the Anodisc filter and the
Si filter substrate are illustrated. The first- and second-order
Si-Si vibration at 521 and 962 cm™ can clearly be seen in the
spectra of the Si filter substrate. In contrast, the Anodisc filter
does not show any own vibration bands; however, a weak
fluorescence profile can be observed.

To examine whether the Si vibration bands influence
the Raman spectra of synthetic polymers, four different
microplastic model samples of PE, PP, PET, and PBT
were measured exemplarily. The results are shown in
Fig. 11.

The Si-Si band at 521 cm™ can be seen in the spectra of PE
and PP though it does not interfere with the polymer bands.

Fig. 11 Raman spectra of four 1600 PE PP
different microplastic models 1 1400+
(pieces of thin films) of PE, PP,
PET, and PBT located on the Si ‘g 1400+ 1200
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All characteristic peaks of these polymers are clearly visible
and separated from the Si band. In the spectra of PET and
PBT, the Si band cannot be observed. Probably, these investi-
gated polymer films overlay the Si filter substrate completely
due to their thickness or opacity.

In summary, the Si filter substrate does not show any
fluorescence and its own vibration bands do not disturb
the polymer spectra. Therefore, it is a suitable substrate
for the detection of microplastic samples by Raman
microscopy.

Conclusion

Within this study, we described the technical development
of a novel Si filter substrate and demonstrated its advan-
tages for vibrational spectroscopic measurements com-
pared with the conventional Anodisc filter for identifica-
tion of microplastics. In summary, our Si filter is an ap-
propriated substrate for transmission FTIR microscopy
and FTIR imaging as well as for Raman microscopy of
microplastic samples. By using a combination of FTIR
and Raman, difficulties of one method during
microplastics analysis can be overcome by the other meth-
od. For example, thick particles often lead to total absorp-
tion in the FTIR transmission spectra, so that evaluation
of absorption bands and consequent particle identification
is hindered or even not possible. In this case, Raman
spectroscopy can be a remedy since it is independent of
the particle thickness. Secondly, because the lateral reso-
lution of spectroscopic imaging is limited by diffraction
(dependent on wavenumber and numerical aperture of the
microscope objective), FTIR imaging does not allow de-
tecting particles smaller than 10-20 um [35]. By using
Raman microscopy and imaging, a higher lateral resolu-
tion (up to 500 nm) can be achieved and even smaller
particles can be identified.

In addition to the spectroscopic benefit, the Si substrate
offers good mechanical stability and enables filtration of aque-
ous samples due to its well-defined holes. Moreover, with the
aid of a special developed filter adapter, the practical applica-
bility of the Si filter substrate to filtrate microplastic samples
has been demonstrated.
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