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Identification of black microplastics using long-
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Despite recent progress in focal plane array Fourier transform infrared spectroscopy (FPA-FT-IR) for
automatic microplastic (MP) discrimination, the analysis time is still too long (e.g., 9 h for a sample with
a diameter of 47 mm) and the equipment is expensive. As a solution, a hyperspectral camera restricted
to the near-infrared or short-wavelength infrared band could be applied. However, with these bands, the
minimum discriminable size is only about 100 um, and discrimination among darkly colored plastics is
difficult. The long-wavelength infrared (LWIR) band is reportedly effective for discrimination among
darkly colored plastics. In this study, we constructed a palm-sized LWIR hyperspectral camera (105 mm
x 90 mm x 50 mm, 1.25 kg) for imaging-type two-dimensional Fourier spectroscopy. Our system used
a general-purpose, inexpensive, and compact microbolometer for the LWIR band. This system could
record the absorbance of black MPs (polystyrene, polyethylene, and polypropylene) in a 3.8 mm x
3.0 mm area in 36 s, which was less than 1/6th of the time required for FPA-FT-IR. Additionally, our
system could obtain spectra for a 12 pm x 12 um area. Because our device is cheaper and more
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1. Introduction

There is growing concern about microplastic (MP) pollution in
aquatic environments. MPs are commonly defined as plastic
particles that are <5 mm in diameter, and are classified as
primary and secondary according to their sources."” Primary
MPs are those that enter the environment directly either acci-
dently or intentionally, while secondary MPs are derived from
fragmentation of larger plastic waste.! MP pollution is wide-
spread from freshwater to the open ocean and from the sea
surface to deep sea sediments.*> MPs have also been detected
in organisms ranging from large fish to small zooplankton and
benthic invertebrates, and in bacterial communities, where they
have adverse effects because of physical impacts and endocrine
disruption induced by plastic additives and waterborne persis-
tent organic pollutants adsorbed by the MPs.*® Ultimately, the
biological and ecological impacts of MPs could pose risks to

“Faculty of Engineering, Kagawa University, 2217-20 Hayashi-cho, Takamatsu,
Kagawa 761-0396, Japan. E-mail: ishimaru.ichiro@kagawa-u.ac.jp

*Faculty of Agriculture and Marine Science, Kochi University, 200 Otsu, Monobe,
Nangoku, Kochi 783-8502, Japan

‘Faculty of Medicine, Kagawa University, 1750-1 Miki-cho, Kita, Kagawa 761-0793,
Japan

T Electronic  supplementary
10.1039/d0ay01738h

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2021

compact than a FPA-FT-IR, it will be easier to take out in the field or on a research vessel.

human livelihoods and health.>*® Despite the growing number
of publications regarding the distributions and potential
harmful effects of MP pollution, many knowledge gaps remain
in our understanding of the mechanisms of MP pollution.
These gaps need to be filled to support evidence-based decision
and policy making.

To better understand the distribution and fate of MPs in the
environment and biota, and the mechanisms of their biological
and ecological effects, both field and experimental studies are
required to successfully detect MPs, identify the polymer types,
and measure the number of MPs and their sizes.*>"*

Visual sorting (including counting and size measurement)
and subsequent analysis using pyrolysis (e.g., GC-MS) or spec-
troscopy (e.g., Fourier transform infrared spectroscopy (FT-IR)
or Raman spectroscopy) for polymer identification is the most
widely used approach.’®"* However, misidentification (both
false positives and negatives) occurs in visual sorting, especially
for the objects smaller than 1 mm in diameter."” Staining of
MPs with lipophilic fluorescent staining agents, such as Nile
red, and measurement of the fluorescence is an inexpensive
method that can reduce the rate of misidentification of MPs as
non-plastics; however, it is difficult to distinguish the polymer
type with this method alone.™

An alternative emerging approach is chemical imaging.
Since the 2000s, progress in focal plane array (FPA) technology
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has led to the development of FPA-FT-IR for two-dimensional
(2D) spectroscopic measurement.'* With single-point measure-
ments by FT-IR, it is necessary to perform a separate measure-
ment for each sample. Conversely, FPA-FT-IR can be used for
analysis of many different small samples at the same time.
Consequently, it is particularly suitable for MP analysis. In
recent years, many studies have used FPA-FT-IR for discrimi-
nation among MPs."*>* However, the spectral measurement
time is very long. For example, Tagg et al. (2015) reported
a spectral measurement time of 9 h for an area with a diameter
of 47 mm, Bergmann et al (2019) reported a spectral
measurement time of 4 h for an area of 14 mm x 14 mm, and
Liu et al. (2019) reported a spectral measurement time of 4 h for
an area with a diameter of 10 mm."®**>* The long analysis times
are attributed to the wide wavenumber range of FT-IR (400-
4000 cm ™" [2.5-25 um]), which beneficially gives a signal with
a high signal-to-noise ratio. If the wavenumber range is
expanded to include long wavelengths, to satisfy the sampling
theorem, the sampling interval needs to be decreased, which
increases the number of acquired data points and in turn the
measurement time.>® Furthermore, a wider wavenumber range
produces more data for analysis, which means it takes longer to
detect characteristic peaks and perform spectral correlation
analysis with reference data. The number of pixels in a wide-
band FPA mounted on a commercially available FPA-FT-IR is
usually around 128 x 128, and if the measurement range
assigned to one pixel is 20 pm x 20 um, the measurable area is
only 2.56 mm X 2.56 mm at most.**** Widening the wave-
number band is problematic because it increases the cost of the
equipment since broadband FPAs are expensive.”® In addition,
broadband FPAs used in FT-IR frequently use HgCdTe, which
means the device will need a cooling system to reach the
required low operating temperature of around 100 K or less.
Incorporation of a cooling system will directly increase the
equipment size, mass, and cost.>®

To solve these problems, hyperspectral cameras with wave-
number ranges limited to the near-infrared and short-
wavelength infrared (SWIR) bands have been applied to
plastic analysis.?”** Shan et al. (2019) used the SWIR band to
discriminate among eight kinds of plastics, and Zhu et al. (2020)
used the SWIR band of 5882-10 000 cm ' (1.0-1.7 um) to
discriminate among 11 kinds of plastics.?”*®* However, when the
MP diameter is smaller than 100 um, the ability to discriminate
among polymer types decreases.”’*® Additionally, it becomes
difficult to detect characteristic peaks for dark-colored (e.g., gray
and black) plastics that contain carbon black.?® Serranti et al.
(2018) used the 4000-10 000 em ' (1.0-2.5 pm) band to
discriminate among three polymer types with a minimum size
of 500 pm, and Schmidt et al. (2018) used the same band to
discriminate among five polymer types with almost the same
minimum size (450 wm).2** Perhaps the 4000-5000 cm ™" (2.0-
2.5 pm) band could be used for identification of black MPs;
however, HgCdTe or InSb is needed in the 4000-5000 cm ™" (2.0-
2.5 um) band, and as stated above, this means a cooling device
is required, which is not conducive to downsizing the system.>®
It has been reported that the mid-wavelength infrared (MWIR)
band and long-wavelength infrared (LWIR) band of 4000 cm ™"
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or less (2.5 um or more) are effective for stable detection of
darkly colored plastics, which is problematic with the SWIR
band.*** However, although hyperspectral cameras for the
MWIR and LWIR bands are commercially available, they have
not been applied to MP measurements.****

We previously developed a palm-sized hyperspectral camera
for the LWIR band combined with a microbolometer and
imaging-type 2D Fourier spectrometer.>®> A microbolometer is
an inexpensive and uncooled FPA, which is sensitive in the
LWIR band.”® Imaging-type 2D Fourier spectroscopy can be
applied to measure a cell with a diameter of 20 pm in the visible
light region.*® We wondered if a hyperspectral camera using the
LWIR band could be constructed that would be less expensive,
more compact, and faster than FPA-FT-IR. Such an instrument
would be more applicable to the measurement of black MPs as
it could be easily transported to the field or on research vessels.

In this paper, we compared our results for black polystyrene
(PS), polyethylene (PE), and polypropylene (PP) with reference
spectra. We also investigated MP identification using the LWIR
band (714-1250 cm ™" [8-14 pm]). Furthermore, we compared
the measurement time of our proposed method with that of
FPA-FT-IR.

2. Imaging-type 2D Fourier
spectroscopy
2.1 Comparison with the Michelson interferometer

Imaging-type two-dimensional Fourier spectroscopy is catego-
rized as a Fourier spectroscopy method. Fourier spectroscopy is
more sensitive than dispersive spectroscopy, which uses
a diffraction grating or prism, and it is easier to achieve both
good wavenumber resolution and sensitivity.**

The features of imaging-type 2D Fourier spectroscopy can be
described in comparison with the Michelson interferometer,
which is mainly used in FT-IR.*® The optical systems of
a Michelson interferometer and imaging-type 2D Fourier spec-
trometer are shown in Fig. 1(a) and (b), respectively. In both the
Michelson interferometer and imaging-type 2D Fourier spec-
trometer, the light emitted nondirectionally from the bright
point is converted into a parallel luminous flux by an objective
lens, divided into two parts, and then reunited by an imaging
lens with a path length difference created by fixed and movable
mirrors. This produces an interferogram of the interference
intensity change at each pixel of the FPA.

The Michelson interferometer and imaging-type 2D Fourier
spectrometer differ in how the parallel luminous flux is divided.
In the Michelson interferometer, the parallel luminous flux is
split by a beam splitter (strictly speaking, a half-mirror) into two
parallel luminous fluxes, each of which has an intensity of half
of that of the original parallel luminous flux. One of these is
directed to the fixed mirror and the other to the movable mirror.
Conversely, in imaging-type 2D Fourier spectroscopy, half of the
parallel luminous flux is reflected by a fixed mirror and the
other half by a movable mirror.

According to the characteristics of the parallel flux splitting
method, the Michelson interferometer is classed as an

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Optical system of the (a) Michaelson interferometer and (b)
imaging-type 2D Fourier spectrometer.

amplitude-divided interferometer, while the imaging-type 2D
Fourier spectrometer is classed as a wavefront-divided inter-
ferometer. Therefore, an anti-vibration mechanism is essential
for the Michelson interferometer. In imaging-type 2D Fourier
spectrometer, the wavefront-divided light fluxes pass through
an almost common optical path, so that even if vibrations are
superimposed on the mirror, there is no relative difference in
the optical path length between the light fluxes. This means the
system has high vibration resistance and overcomes that
weakness of the Michelson interferometer. Compared with
Michelson interferometry, imaging-type 2D Fourier spectros-
copy requires fewer optical components, does not require an
anti-vibration mechanism, and has a shorter optical path.
Therefore, imaging-type 2D Fourier spectrometers can be used
to construct cheaper, smaller, lighter, and more vibration-
resistant devices than the Michelson interferometer. In fact,
imaging-type 2D Fourier spectroscopy has been successfully
used on a drone to superimpose mechanical vibrations and
observe interferograms in flight.**

2.2 Minimum spectral acquisition area and measurement
area

In imaging-type 2D Fourier spectroscopy, a spectrum is ob-
tained for each pixel of the FPA shown in Fig. 2. The spectrum of
all pixels is obtained simultaneously in one scan. If the pixel
size of the FPA is a x a and the magnification of the optical
system is M, then the field of view per pixel of the FPA is a/M x
a/M, which is the minimum area that can be acquired with this
method. Therefore, when the number of pixels in the vertical

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Images obtained by imaging-type two-dimensional Fourier
spectroscopy. When an image is acquired while moving the mirror, an
interferogram is created for each pixel of the image. In this image, a is
the length of one side of the pixel, and M is the magnification of the
optical system. The field of view per pixel of the FPA is then given by a/
M x a/M. nV and nH are the number of pixels in the vertical and
horizontal directions of the FPA, respectively; V and H are the vertical
and horizontal measurement ranges, respectively; N is the number of
images; and Ax is the sampling interval of the interferogram; L is the
maximum optical path length difference.

direction of the FPA is nV and the number of pixels in the
horizontal direction is nH, the measurement ranges in the
vertical (V) and horizontal (H) directions can be expressed using
the following equations:

a

V= MnVa (1)
a

H= MnH~ (2)

This means that the measurement area is V x H.

2.3 Spectral acquisition time

For spectroscopic measurements, it is necessary to set an
appropriate wavenumber resolution for the target because it
affects the ability to separate adjacent peaks in the resulting
spectrum. In Fourier spectroscopy, the wavenumber resolution,
Av, and the maximum optical path length difference, L, between
two light fluxes to cause interference are related as shown in eqn

(3)‘25
ar= ®)
v= —
L
To improve the wavenumber resolution in Fourier spectros-
copy, it is necessary to increase the maximum optical path

length difference. In imaging-type 2D Fourier spectroscopy, an
optical path length difference is given between two light beams

Anal. Methodss, 2021, 13, 647-659 | 649
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Fig. 3 The optical path length difference mechanism in imaging-type
two-dimensional Fourier spectroscopy. The green and red lines show
light that could produce interference, and m is the distance which the
movable mirror needs to move to maximize the optical path length
difference (L).

by a fixed mirror and a movable mirror installed at an angle of
45° with respect to the incident light beam (Fig. 3). Therefore,
the distance, m, the movable mirror needs to move to maximize
the optical path length difference, L, is expressed as shown in
eqn (4).

m= ()

V2

Next, considering the image acquisition interval and to
satisfy the sampling theorem, the sampling interval, Ax, must
fulfill eqn (5) to allow for discrete observation of the interfero-
gram by the FPA (Fig. 2). Vmayx in eqn (5) is the maximum
wavenumber in the measurement wavenumber band.

1
Ax =
x 2sz|x

(5)

Accordingly, the number, N, of image acquisitions required
to obtain the desired wavelength resolution, Aw, can be
expressed as follows:

N= —. (6)

Therefore, the interferogram acquisition time, ¢, required to
acquire N images, which corresponds to the measurement time
in the present method, is given by eqn (7) using the frame rate, f,
of the FPA.

-7 )

The movable mirror may be moved a distance, m, at a speed,
S, as shown in eqn (8).

S = ®8)

m
t
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The spectral acquisition time, 7, is equal to the interferogram
acquisition time, ¢, plus the time for the Fourier transform
process (tgr), which includes the read time of the group of
images in which the interferogram was recorded.

T:l+lFT (9)

The value of tpr varies with the Fourier transform algorithm
(e.g., discrete Fourier Transform or fast Fourier Transform
(FFT)) and computer processing power. The spectral acquisition
time in Michelson interferometry can also be obtained by eqn
(4)-(9). However, in the Michelson interferometer, the mirror
surface is perpendicular to the direction of the light flux, so in
eqn (4) m = L/2.

3. Materials and methods

The ability to measure black MPs using the LWIR band and an
imaging-type 2D Fourier spectrometer was investigated. In
addition, FT-IR was used to study differences among SWIR,
MWIR, and LWIR measurements of white and black plastics.

3.1 Materials

PS, PP, and PE, which are the main plastics found in the ocean,
were used as samples. Black PS cups (thickness: 1 mm, Sunnap
Co., Ltd., Tokyo, Japan), PP lids (thickness: 1 mm, Kaneiwanori
Co., Ltd., Kochi, Japan), and PE garbage bags (thickness: 20 pm,
System Polymer Co., Ltd., Tokyo, Japan) (Fig. 4(a)) were used to
create black MPs. The thickness of a sample is known to
influence the spectral measurement. Therefore, to prepare
black MPs of known thickness, we cut out specimens of about

- 500 pm
| —

Fig. 4 (a) Black plastic products. (b) Microscope images of the black
MPs shown in Fig. S1(b).T

This journal is © The Royal Society of Chemistry 2021
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4 mm x 4 mm (Fig. S1(a)f) from the products shown in Fig. 4(a)
(e.g, PS_1 and PS_2 were cut from the black PS cups) and then
measured their thicknesses using a micrometer (M820-25,
Mitutoyo Corporation, Kanagawa, Japan). The thicknesses of
the specimens shown in Fig. S1(a)} were 47 um for PS_1, 78 pm
for PS_2, 44 pm for PP_1, 75 pm for PP_2, 21 pm for PE_1, and
21 um for PE_2. The black MPs shown in Fig. S1(b)T were cut
from the Fig. S1(a) specimens (e.g., PS-1 was cut from PS_1)
and had thicknesses of less than 47 um for PS-1, 78 pm for PS-2,
44 pm for PP-1, 75 um for PP-2, 21 um for PE-1, and 21 pm for
PE-2. Fig. 4(b) shows microscope images of the samples in
Fig. S1(b)} taken with a digital microscope (KH-7700, HIROX
CO., LTD., Tokyo, Japan).

Fig. S21 shows the white plastic samples measured for
spectral comparison with the black plastics. These samples
were white PS plate (thickness: 1 mm, HIKARI CO., LTD., Osaka,
Japan), PP plate (thickness: 1 mm, Plaport Co., Ltd., Shizuoka,
Japan), and PE garbage bags (thickness: 20 um, Daiso Sangyo
Co., Ltd., Hiroshima, Japan).

3.2 Measurement of black MPs with an imaging-type 2D
Fourier spectrometer

The experimental optical system used for MP measurements in
this study comprised an imaging-type 2D Fourier spectrometer,
a sample table, and a light source (Fig. 5). The imaging-type 2D
spectrometer (105 mm x 90 mm x 50 mm, 1.25 kg) comprised
an observation magnification lens (¢ 50 mm, focal length: 50
mm), multislit array (aperture: 24 pm, light shield: 24 pm),*
objective lens (¢ 25 mm, focal length: 17 mm), fixed mirror,
movable mirror, imaging lens (¢ 25 mm, focal length: 17 mm),
and a FPA (Boson 320, FLIR Systems, Inc., Wilsonville, OR). The
movable mirror was adjusted by a piezo stage (PPS-20-11300,
Micronix USA, LLC, Santa Ana, CA) with a stage controller
(MMC-100-01010, Micronix USA). An aluminum plate was used
as the sample table. An IR light source (IR-Si217-P1, Hawkeye
Technologies, Inc., Milford, CT) with a condenser lens (¢ 50
mm, focal length: 25 mm) was used for illumination. A DC
power supply (31.5 W, eps80WL, Fujitsu Ltd., Kanagawa, Japan)
was used to power the IR light source. The black MPs shown in
Fig. 4(b) were used as the samples. Light reflection from the
aluminum plate without any sample was measured as the
background spectrum.

Table 1 shows the sample and background measurement
conditions. The measurement conditions were a wavenumber
resolution of 8 cm ™', wavenumber range of 714-1250 cm ™" (8-
14 pm), and one scan. SpectroCapture software (NISSIN KIKAI
Co., Ltd., Kagawa, Japan) was used to control the movable
mirror and FPA, and to acquire the image files (16-bit TIFF
format) in which the interferograms were recorded by the
spectrometer.

SpectroViewer (NISSIN KIKAI Co., Ltd.) was used to obtain
the spectrum of each pixel from the interferogram, which was
recorded in the direction of the number of images (16-bit TIFF
format). The spectra were obtained by applying FFT to the
interferogram. Before FFT, the interferogram was multiplied by
the 870-point Hanning window and zero-filled to get 4096 data

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) Configuration of a hyperspectral imaging system for
imaging-type two-dimensional Fourier spectroscopy. (b) Experimental
setup for microplastic measurements.

Aluminum plate

points. Ax in the proposed method was strictly different for
each pixel because of the influence of the angle of view. If this
was not corrected and Fourier transformed, the wavenumber of
the spectrum would be misaligned between the pixels in the
horizontal direction. Inui et al. (2011) proposed a method for
correcting the deviation of Ax for each pixel, and this is
implemented in SpectroViewer.*® The specific method of
correction using the function is described in ESI (Section S27).
Absorbance spectra were calculated using the Beer-Lambert law
from spectra obtained from a group of sample and background
image files.*®

In SpectroViewer, the averaged absorbance spectra of
neighboring pixels centered on the pixel of interest can be
output as the absorbance spectrum of the pixel of interest. In
this paper, to reduce noise by averaging, the absorbance spectra
of 5 x 5 pixels (25 pixels in total) centered on the pixel of
interest were averaged, and the slope of the baseline was
removed by subtracting the approximate line obtained in the

range of 700 em-1250 cm™ .
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Table 1 Measurement conditions for analysis of black MPs with the imaging-type 2D Fourier spectrometer

Parameter

Value

Wavenumber range

Wavenumber resolution

Optical path length difference
Movable mirror travel range

Sampling interval

Speed of movable mirror

Number of images

Frame rate

Pixel area of the FPA

Number of pixels in the FPA

Optical magnification

Minimum area for acquiring the spectrum
Measurement area

Number of scans

Interferogram acquisition time

Time for the Fourier transform process

Spectrum acquisition time

The observation area of 5 x 5 pixels corresponds to 60 pm X
60 um since the field of view per pixel is 12 pm x 12 pm. The
spectra for average pixel numbers of 1 x 1,3 x 3,5 X 5,7 X 7,
and 9 x 9 are given in the ESI (Section S3+).

SpectroViewer has a function to obtain the absorbance
difference between two wavenumbers for each pixel and to
create a color map. Using this function, we confirmed that black
PS, PP, and PE could be extracted. SpectroViewer was imple-
mented on a PC (processor: Intel(R) Core(TM) i5-5300U CPU
2.30 GHz, Implemented Memory (RAM): 4 GB, OS: Windows 10
Home 64 bit).

3.3 White and black plastic measurements by FT-IR

To compare the spectra of white and black plastics over the
SWIR to LWIR bands, the reflection measurement method
was chosen instead of the transmission or attenuated total
reflection (ATR) method.* The SWIR band generally has
a lower absorption coefficient (amount of light absorbed per
optical path length) than the MWIR or LWIR band, and if the
sample is made thicker to enhance the absorption of the

Table 2

714-1250 cm ™!
8 cm
1250 um
884 um
2 pm

59 pm s~
870 frames

60 fps

12 pm X 12 pm

320 x 256

1x

12 pm X 12 pm

3.8 mm x 3.0 mm

1

30 s (15 s for the background and 15 s for the sample)

6 s (including the read time of the images, which recorded the
interferogram of the background and the sample)

36 s (interferogram acquisition time plus the time for the Fourier
transform process)

1

SWIR band, the transmitted light intensity of the MWIR and
LWIR bands will be significantly attenuated. The ATR method
uses evanescent wave penetration to measure the amount of
light absorption in a sample. It is known that the depth of
evanescent wave penetration into the sample is proportional
to the wavelength of the light. In the SWIR band, the light
absorption is lower than in the MWIR and LWIR bands, and
the penetration depth into the sample is shallow. Therefore, it
is difficult to measure the absorbance in the SWIR band by the
ATR method.

Therefore, using point-measurement-type FT-IR (ALPHA 2,
Bruker Corporation, Billerica, MA) with the front-reflection
accessory (Front-REFL, Bruker Corporation, Billerica, MA),
reflection measurements were conducted by pressing the
samples over the measurement surface (aperture diameter of 4
mm). The black and white PS and PP samples shown in Fig. 4(a)
and S27 were measured in contact with a 1-mm-thick area. The
black and white PE samples shown in Fig. 4(a) and S2} were
measured in contact with a 20-um-thick area. For the sample
measurements, an aluminum plate was placed on the back of
the contact area of the sample. The aluminum plate was used on

Identification numbers of the spectra used to calculate the reference spectrum

Polymer

Data identification number(s)

Acrylonitrile butadiene styrene
Nylon

Polycarbonate
Polyethylene

Polyethylene terephthalate
Polymethyl methacrylate
Polyoxymethylene
Polypropylene

Polystyrene
Polytetrafluoroethylene
Polyvinyl chloride

652 | Anal. Methods, 2021, 13, 647-659

2 and 3

146, 147, 148, 149, 150, 151, and 152

138, 165, 166, 213, 214, and 322

12, 13, 14, 52, 53, 54, 109, and 226

98, 99, 136, 172, 173, 174, 189, 227, and 323
192, and 324

244

108, 143, 229, 230, 231, 232, 247, 248, 249, 250, 252, and 325
64, 68, 233, 253, 254, 255, and 326

196 and 235

107, 140, 201, and 327
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its own for background measurements. The measurement
conditions were a wavenumber resolution of 8 cm™!, wave-
number range of 350-8000 cm ™' (1.3-26.7 pm), and 64 scans.
The FT-IR measurements and the output of the results were
performed using OPUS 8.5 (SP1) software (Bruker Corporation,

Billerica, MA).

3.4 Preparation of reference absorbance spectra used to
support the measurement results and discussion

To objectively support our discussion, we used the spectral
database for various plastics provided by Primpke et al. (2018)
This database (file name: 216_2018_1156_MOES-
M2_ESM.xlsx) contains multiple spectral datasets for one
plastic species measured by the ATR method (wavenumber
range: 400-4000 cm ™', wavenumber resolution: 4 cm™').2° We
averaged spectra for each plastic species according to the
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Fig.7 Comparison of the measured and reference absorbance spectra of the black MPs in Fig. 6 and a color map of the absorbance differences.
(a), (c), and (e) show absorbance spectra of PS, PP, and PE respectively. (b), (d), and (f) show the color map of PS, PP, and PE extracted in Fig. 6

focusing on the absorbance differences.
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identification numbers shown in Table 2. The averaged
spectra were then normalized (absorbance minimum of 0 to
a maximum of 1) and treated as representative spectra for
each plastic species.

3.5 Evaluation of spectral similarity

To evaluate the spectra, correlation coefficients were calculated
as follows:

Table 3 Correlation coefficients between black MP absorbance
values measured by the proposed method and the reference (ref.)
absorbance values (700-1250 cm™* [8-14 pm]) shown in Fig. 7(a), (c),
and (e)*

PS-1 PS-2 PP-1 PP-2 PE-1 PE-2
PS ref. 0.63 0.51 —-0.11 —0.06 —0.02 —0.34
PP ref. —0.14 —0.06 0.70 0.72 0.13 0.24
PE ref. —-0.07 —0.16 0.01 0.03 0.36 0.35

“ Abbreviations: PS, polystyrene; PP, polypropylene; PE, polyethylene.
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, 10
gy, X 0y, (10)

1
where r is the correlation coefficient; y, and y, are the intensity
values in the sample spectrum and reference spectrum,
respectively, for the wavenumber for » data points; and o,,; and
a,, are the standard deviations of all intensity values from the
mean value of the sample spectrum and reference spectrum,
respectively.

4. Results and discussion

4.1 Experimental results

Fig. 6 shows the LWIR band images for black PS, PP, and PE.
Fig. 7 shows a comparison of the absorbance spectra obtained
for each pixel on the black MPs in Fig. 6 with the reference
spectra obtained in Section 3.4, and a color map created using
the difference in absorbance values for the two wavenumbers
for each pixel. In Fig. 7(a), peaks at 758 cm !, 910 cm !,
1030 cm ™%, and 1072 cm™?, which can also be seen in the PS
reference spectrum, are observed for the pixels on PS-1 and PS-
2. Fig. 7(b), which was created using the difference in
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Fig. 8 Absorbance results for white and black PS, PP, and PE with FT-IR. Panels (a)—(c) show the absorbance in the 350-8000 cm™ [1.25-26.7
uml region for PS, PP, and PE, respectively. Panels (d)-(f) show the absorbance in LWIR band (700-1300 cm™* [7.7-14.3 pm]) for PS, PP and PE,
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Fig. 9 Absorbance values of various plastics. Measurement of these spectra is described in Section 3.4.

absorbance values between the peak at 758 cm ™" and the dip at
720 ecm ™!, shows highlighted areas around PS-1 and PS-2. In
Fig. 7(c), peaks at 841 cm ', 974 cm™', 999 cm ', and
1168 cm™ ', which can be seen in the reference spectrum of PP,
are observed in the spectra obtained for the pixels on PP-1 and
PP-2. Fig. 7(d), which was created from the difference in
absorbance values between the peak at 1168 cm™ ' and the dip at
1200 cm™ ', shows highlighted areas around PP-1 and PP-2.
Fig. 7(e) shows that the 720 cm ™" peak seen in the reference
spectrum of PE is also present in the spectra obtained for the
pixels on PE-1 and PE-2. Fig. 7(f), which was created from the
difference in absorbance values between the peak at 720 cm ™"
(dip in PS) and the dip at 758 cm™ ' (peak in PS), shows high-
lighted areas around PE-1 and PE-2. Table 3 shows the corre-
lation coefficients between the spectra in Fig. 7(a), (c), and (e).
The software, SpectroViewer, which we used to generate the
color map, does not have a function to calculate the correlation
coefficients between reference spectra and measured results or
to display the correlation coefficient in a color map. However,
because the correlation coefficients are high among the same
plastics in Table 3, it is possible to identify PS, PP and PE using
the correlation coefficients, at least for the samples used in this
measurement.

The absorbance values of PS-1, PS-2, PP-1, PP-2, PE-1, and PE-
2 with average pixel numbers of 1 x 1,3 x 3,5 x 5,7 X 7,9 x 9,

This journal is © The Royal Society of Chemistry 2021

and 11 x 11 are shown in Fig. S6.f With an average pixel
number of 1 x 1, the results were noisy. With average pixel
numbers of 3 x 3 or more, the results were very similar and the
characteristic peaks remained unchanged as the average pixel
number increased up to 11 x 11, which indicated that the
absorbance was stable for the MP. The stable detection of
characteristic peaks an area of 100 pum x 100 pm for black MPs
with a thickness of less than 100 um demonstrated the appli-
cability of the proposed method to analysis of black MPs with
a particle size of less than 100 pm.

4.2 Possible MP discrimination using the LWIR band

Fig. 8 shows the FT-IR reflection measurement results for the
white and black PS (thickness: 1 mm), PP (thickness: 1 mm),
and PE (thickness: 20 pm) samples shown in Fig. 4(a) and S2.7
Fig. 8(d)-(f) shows enlargements of the LWIR band (700-
1300 cm™ ') and Fig. 8(g)-(i) shows enlargements of the SWIR
band (4000-8000 cm™ ") in Fig. 8(a)-(c). The overall absorbance
of black plastics tends to be shallower with less of a difference
between the maximum and minimum than for white plastics.
This is especially true for the SWIR band. In the 4500-
8000 cm ™ region, the peaks for black PS, PP, and PE are flatter
than those in the 4000-4500 cm™ ' region and no peaks are
observed for white plastics. For plastics with an absorption peak

Anal. Methods, 2021, 13, 647-659 | 655
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in the 4000-4500 cm ™' region it may be possible to use the
SWIR band for discrimination and avoid the effect of plastic
color on the results. However, it will be difficult to identify black
PS and PP using the SWIR band. According to Vazquez-
Guardado et al. (2015), the LWIR and MWIR bands are less
affected by color than the SWIR band.**

The spectra obtained in Section 3.4 were used to confirm
the ability to discriminate between plastic species in the LWIR
band. Fig. 9 shows the spectra obtained in Section 3.4 with the
baseline offset to facilitate their comparison. Tables 4-6 show
the correlation matrix between the spectra of each plastic
species in the 400-4000 cm ™', LWIR (714-1250 cm '), and
MWIR (2000-3333 cm™ ') bands. The red-shaded cells in
Tables 4-6 highlight the highest correlation coefficient in
each column. The smallest and largest of these highlighted
values in the same column across Tables 4-6 are circled with
red-dotted lines and blue-dotted lines, respectively. Consid-
ering that a smaller correlation coefficient indicates lower
spectral similarity, we can say that a table with more columns
with red-circled cells has a higher discrimination ability for
plastic species, and a table with more columns with blue-
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circled cells has a lower discrimination ability. Table 4 has
three columns with red-circled cells and no columns with
blue-circled cells. Table 5 has six columns with red-circled
cells and two columns with blue-circled cells. Table 6 has
two columns with a red-circled cell and nine columns with
blue-circled cells.

By comparing the results for the 400-4000 cm ™' band and
the LWIR band, we can see that the ability to discriminate
among plastic species does not deteriorate significantly even if
the spectral measurement band is narrowed down to the LWIR
band. The results suggest that limiting the spectrum to the
MWIR band is not a good approach in terms of plastic species
discrimination.

Consequently, the 714-1250 cm™ " (8-14 um) band, for which
there is a comprehensive range of general-purpose and inex-
pensive microbolometers, will be both advantageous for
reducing device costs and discriminating black plastics.

4.3 Comparison of the measurement times

Table 7 shows a comparison of the measurement parameters
with FPA-FT-IR and the proposed method. The proposed

Table 4 Correlation matrix for plastic absorbance in the 400-4000 cm ™! region shown in Fig. 9¢

ABS Nylon PC PE PET PMMA POM PP PS PTFE PVC
ABS 0.04 0.62 0.05 0.63 0.78 0.28 0.08 0.03 0.48 0.30
Nylon 0.04 0.06 0.32 0.10 0.05 —-0.07 0.30 0.25 0.05 0.29
PC 0.62 0.06 —0.04 0.33 0.59 0.12 —0.01 0.07 0.63 0.26
PE 0.05 0.32 —-0.04 \ 0.02 0.02 —-0.02 0.75 0.13 —0.04 0.06
PET 0.63 0.10 0.33 0.02 \ 0.54 0.25 —-0.05 0.03 0.19 0.33
PMMA 0.78 0.05 0.59 0.02 0.54 \ 0.15 0.09 0.02 0.58 0.29
POM 0.28 —-0.07 0.12 —0.02 0.25 0.15 0.00 —-0.01 0.04 0.19
PP 0.08 0.30 -0.01 0.75 —-0.05 0.09 0.00 \ 0.13 —0.04 0.06
PS 0.03 0.25 0.07 0.13 0.03 0.02 —0.01 0.13 \ 0.02 0.33
PTFE 0.48 0.05 0.63 —0.04 0.19 0.58 0.04 —0.04 0.02 \ 0.29
PVC 0.30 0.29 0.26 0.06 0.33 0.29 0.19 0.06 0.33 0.29

“ Abbreviations: ABS, acrylonitrile butadiene styrene; PC, polycarbonate; PE, polyethylene; PET, polyethylene terephthalate; PMMA, polymethyl
methacrylate; POM, polyoxymethylene; PP, polypropylene; PS, polystyrene; PTFE, polytetrafluoroethylene; PVC, polyvinyl chloride.

Table 5 Correlation matrix for plastic absorbance in the LWIR band (714-1250 cm™?) shown in Fig. 9°

ABS Nylon PC PE PET PMMA POM PP PS PTFE PVC

ABS —0.02 0.50 —0.24 0.35 0.62 —-0.24 —0.01 —0.26 0.49 0.36
Nylon —-0.02 \ 0.35 0.71 0.47 0.15 —0.44 —-0.19 0.12 0.26 0.49
PC 0.50 0.35 \ —-0.12 0.08 0.62 —-0.39 0.09 —-0.14 0.70 0.43
PE —-0.24 0.71 —-0.12 0.40 —-0.17 —0.18 —-0.07 0.00 —-0.10 0.09
PET 0.35 0.47 0.08 0.40 \ 0.11 50107 —0.24 —-0.24 0.04 0.44
PMMA 0.62 0.15 0.62 =0.17 0.11 \ -0.29 0.15 —-0.13 0.83 0.42
POM -0.24 —0.44 —-0.39 —0.18 —0.02 -0.29 \ —-0.06 -0.21 -0.32 —0.16
PP —-0.01 —-0.19 0.09 —0.07 -0.24 0.15 —0.06 —0.17 0.00 0.04
PS -0.26 0.12 —0.14 0.00 —-0.24 —0.13 —-0.21 —-0.17 \ —-0.18 -0.22
PTFE 0.49 0.26 0.70 —0.10 0.04 0.83 —-0.32 0.00 —0.18 \ 0.32

PVC 0.36 0.49 0.43 0.09 0.44 0.42 —0.16 0.04 —0.22 0.32

“ Abbreviations: ABS, acrylonitrile butadiene styrene; PC, polycarbonate; PE, polyethylene; PET, polyethylene terephthalate; PMMA, polymethyl
methacrylate; POM, polyoxymethylene; PP, polypropylene; PS, polystyrene; PTFE, polytetrafluoroethylene; PVC, polyvinyl chloride.
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Table 6 Correlation matrix for plastic absorbance in the MWIR band (2000-3333 cm™) shown in Fig. 9¢

ABS Nylon PC PE PET PMMA POM PP PS PTFE PVC
ABS 0.77 0.61 0.75 0.48 0.71 0.80 0.93 0.71 —0.14 0.96
Nylon 0.77 0.27 0.73 0.14 0.38 0.57 0.74 0.62 —0.24 0.72
PC 0.61 0.27 \ 0.22 0.85 0.70 0.69 0.52 0.27 0.01 0.68
PE 0.75 0.73 0.22 \ 0.19 0.35 0.66 0.80 0.73 —0.16 0.74
PET 0.48 0.14 0.85 0.19 \ 0.66 0.59 0.42 0.19 0.17 0.54
PMMA 0.71 0.38 0.70 0.35 0.66 \ 0.74 0.65 0.50 —-0.04 0.75
POM 0.80 0.57 0.69 0.66 0.59 0.74 \ 0.79 0.64 —-0.15 0.89
PP 0.93 0.74 0.52 0.80 0.42 0.65 0.79 \ 0.70 —-0.20 0.93
PS 0.71 0.62 0.27 0.73 0.19 0.50 0.64 0.70 \ —-0.17 0.71
PTFE —0.14 —-0.24 0.01 —-0.16 0.17 -0.04 —0.15 —0.20 —0.17 \ —-0.13
PVC 0.96 0.72 0.68 0.74 0.54 0.75 0.89 0.93 0.71 —0.13

¢ Abbreviations: ABS, acrylonitrile butadiene styrene; PC, polycarbonate; PE, polyethylene; PET, polyethylene terephthalate; PMMA, polymethyl
methacrylate; POM, polyoxymethylene; PP, polypropylene; PS, polystyrene; PTFE, polytetrafluoroethylene; PVC, polyvinyl chloride.

Table 7 Comparison of the measurement parameters for the proposed method with those for focal plane array Fourier transform infrared

spectroscopy (FPA-FT-IR) from previous studies

Time for
Number Total measurement
of pixels Area for one Number Time for one measurement of the total ~Wavenumber Wavenumber
Method FPA pixel area  in the FPA measurement of scans measurement area area range resolution
FPA-FT-IR' 2.7 pm x 2.7 pm 64 x 64 170 pm X 170 pm 6 Unclear 111.1 mm?  10.75 h 1200- 8em !
(10.54 mm x 3600 cm "
10.54 mm)
FPA-FT-IR™® 25um x 25um 4 x4 100 um x 100 pm 1 Unclear 1735.0mm* (¢ 9 h 650~ 16 cm™*
47 mm) 4000 cm ™"
FPA-FT- 11pm X 11 um 64 X 64 704 pum X 704 um 32 Unclear 196.0 mm? 4h 1250- gcem™!
IR*>* (14 mm x 14 3600 cm ™
mm)
FPA-FT- 5.5 um X 5.5 um 128 x 128 704 pm x 704 um 30 Unclear 100.0 mm? (¢ 4h 900- 8cm !
IR>*?* 10 mm) 3750 cm "
Proposed 12 pm X 12 pm 320 x 256 3.8 mm x 3.0 mm*® 1 36s 1735.0mm* (¢ 1.5 h 714- 8 cm ™!
method 47 mm) 1250 cm ™"
(with FLIR
Boson 320)
Proposed 12 pm X 12 pm 640 x 512 7.6 mm x 6.1 mm® 1 36s 1735.0 mm® (¢ 0.37 h 714- 8 cm !
method 47 mm) 1250 cm ™"
(with FLIR
Boson 640)

“ Obtained with 1x magnification.

method could measure the absorbance of a 3.8 mm x 3.0 mm
sample (FPA pixel area: 12 pm x 12 pm) in 36 s, including the
background measurement time. For the measurements re-
ported by Loder et al. (2015), Tagg et al. (2015), Bergmann et al.
(2019), and Liu et al. (2019), the fastest measurement time per
unit area was reported by Tagg et al. (2015) at 18.6 s mm > (or
32 400 s/1735 mm?, or 9 h/1735 mm?); although, it should be
noted that different conditions were used in each of the four
studies.'”*®?>->* By comparison, the measurement time per unit
area of our method with the FLIR Boson 320 is 3.1 s mm > (or 36
$/11.4 mm?® [3.8 mm x 3.0 mm)]). Although the measurement
conditions are different, we can say that our method reduced
the measurement time to less than 1/6th of that required for

This journal is © The Royal Society of Chemistry 2021

FPA-FT-IR."*%2221 We were able to decrease the measurement
time by reducing the number of scans through introduction of
spectral averaging between pixels, limiting the wavenumber
band, and employing a microbolometer that was less sensitive
than HgCdTe but had more pixels.

We initially used a FLIR Boson 320 (number of pixels: 320 x
256, pixel area: 12 pm x 12 pm, frame rate: 60 fps) as the FPA. By
comparison, a FLIR Boson 640 (number of pixels: 640 x 512, pixel
area: 12 um x 12 um, frame rate: 60 fps) allowed for measurement
of an area of 7.6 mm x 6.1 mm, or four times that with the FLIR
Boson 320, within the same measurement time using the same
spatial resolution and optical magnification. This reduced the
overall measurement time to 1/4th of that with the FLIR Boson
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320. For the FLIR Boson 320, changing the optical magnification
to 0.5x improved the measurement range to four times that with
an optical magnification of 1x; however, this made the minimum
area for spectrum acquisition approximately 24 ym x 24 um. If
the optical magnification was set to 0.06x, a sample with
a diameter of 47 mm could be measured in a single measurement
(measurement time: 36 s), but the minimum area for the spec-
trum acquisition was approximately 200 um x 200 pm.

The measurements by Tagg et al. (2015) had a wavenumber
resolution of 16 cm™'.*® If it was possible to discriminate MP
polymer types in the 714-1250 cm ' (8-14 um) band with
a wavenumber resolution of 16 cm™*, the measurement time
could be halved. Furthermore, if only one background
measurement (15 s in our experiment) was sufficient and the
computer for spectral calculation was powerful enough to
ignore the time required for reading and Fourier transforming
the interferogram-recorded images (6 s in our experiment), the
time required for absorbance measurements would be almost
halved. Therefore, our method still has many elements that
could be investigated to decrease the measurement time.

5. Conclusions

Using a microbolometer, we designed a system with a LWIR
hyperspectral camera for imaging-type 2D Fourier spectroscopy
(105 x 90 x 50 mm, 1.25 kg, 714-1250 cm™ ' [8-14 um] band) that
required no cooling system or anti-vibration system. We demon-
strated that this system could detect the characteristic absorption
peaks of black MPs made from PS, PP, and PE, which are difficult
to detect in the SWIR band. An area of 3.8 mm x 3.0 mm (12 pm
X 12 pm minimum spectral acquisition area) was measured
within 36 s using the proposed method. The measurement time
was reduced to less than 1/6th of that required for FPA-FT-IR,
which is the current main technique for MP discrimination.
Our results show that the 714-1250 cm ™" (8-14 pm) band will be
useful for MP discrimination. In the future, we will investigate the
measurement of MPs collected using different filters.
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