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Abstract

Terahertz (THz) waves are transparent with respect to non-polar substances,
such as plastics. The refractive index at THz frequencies and the specific
spectral features of plastic materials, such as polypropene (PP), polyethylene
(PE), polyvinyl alcohol (PVC) and polyethylene terephthalate (PET) can be
used to discriminate waste plastics into each material regardless of color. This
is important since colored plastic cannot be identified by the present method
of near-infrared (NIR) reflection spectroscopy due to absorption of NIR light
by the coloring. In addition, the THz refractive index of acrylonitrile buta-
diene styrene (ABS) increases in proportion to the content of bromine (Br),
which can be used to quantitatively evaluate the presence of halogen additives
in waste plastic. We show that the non-contact THz identification of mate-
rials and additives in plastics can be an effective method for sorting plastic
waste. Safe & efficient waste management is one of the most urgent social re-
quirements for smart city innovation.
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1. Introduction

At present, the status of plastic waste recycling in Japan is that 56% of plastic
waste generated in 2018 was treated by thermal recycling, 23% by material recy-
cling and 4% by chemical recycling, with the remaining 16% untreated [1]. Large

quantities of plastic waste are produced from packaging containers [2], elec-
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tronic devices [3] and vehicles [4]. The separation of plastic wastes is usually
performed based on their differences in specific gravity and in their near infra-
red reflectivity. In material and chemical recycling, plastic wastes are decom-
posed to raw materials, but it is difficult to discriminate each kind of material.
Furthermore, commercial plastics contain bromine for fire resistance. Harmful
chemicals such as brominated dioxins can be generated during the recycling
process. Therefore, it is required to detect and separate halogen additive-containing
plastics.

Plastic materials are frequently identified using near infrared reflectivity are
then separated by an air jet. But colored plastics cannot be sorted in this way
since near infrared light is absorbed by the color. Therefore, Terahertz (THz)
evaluation is expected to be useful to identify plastic materials. THz light is an
electromagnetic wave that is located between radio waves and infrared, with a
frequency in the range 0.1 - 10 THz. THz light has the property of high permea-
bility for non-polar substances, so it is available for non-destructive diagnosis
[5]-[12]. Also, it can be expected to be available for use regardless of color. Be-
sides, THz light has low quantum photon energy, so that it is safe for human
tissues. Our group has created a database of THz permeability characteristics for
industrial materials and successfully constructed non-destructive THz diagnosis
of metals in building concrete [13] as well as for insulated electronic cable [14].
For the THz identification of plastic paste, this study investigates the THz re-
fractive index and spectral features of single plastic materials and bromine addi-
tive-containing plastics. The THz refractive index and spectra were measured for
polypropene (PP), polyethylene (PE), polyvinyl alcohol (PVC), colored polye-
thylene terephthalate (PET), and bromine (Br) additive-containing acrylonitrile
butadiene styrene (ABS), which is used as THz spectral library for discrimina-
tion of waste plastic.

2. Experimental

Figure 1 indicates a schematic diagram of experimental procedure between THz
spectral library and THz applications for discrimination of waste plastic plastics

and evaluation of additive. For THz spectral library, THz refractive index and
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Figure 1. Schematic diagram of experimental procedure between THz Spectral library
and THz applications for plastics.
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spectrum of plastic can be measured by using THz time-domain spectroscopy
(THz-TDS) and GaP THz Spectrometer, respectively. THz spectrum has infor-
mation of reflectivity and absorbance, which are effective for practical THz ap-

plication.

2.1. Plastic Samples

Plastic plates of PE, PP, PVC, PET and ABS were used in this study. Their thick-
ness was 0.5 - 2 mm. ABS plates with various bromine contents were fabricated
as a halogen additive-containing plastic. To compare with the additive composi-
tion, PE plates were also fabricated with various contents of carbon black. Co-

lored PET plates were commercially prepared as black, white, and clear.

2.2. THz Time-Domain Spectroscopy (THz-TDS) [15] [16] [17]

The optical configuration of THz-TDS was as follows. A femto-second pulse
from Ti:Sapphire laser was split into pump light and probe light by a beam split-
ter and the pump light is introduced to the THz generating device and probe
light guided to the THz detection device, where each device is a low-temperature
grown GaAs photoconductive antenna. The time delay of THz pulse through the
plastic sample can be detected by sweeping the delay. By calculating the trans-
mitted THz pulse shape and phase delay with Fourier transform it is possible to
obtain the refractive index of sample in THz region. The refractive index is av-

eraged in the frequency range of 0.2 to 0.7 THz.

2.3. GaP THz Spectrometer [18]

Phonon-polaritons in GaP crystals can afford THz wave generation in a widely
tunable frequency range from 1 THz to 4 THz. We have realized a THz wave
signal generator as well as THz spectrometer. The GaP signal generator uses

Cr:Forsterite lasers for both the pump source and signal source.

2.4. Fabrication of Bromine Additive-Containing Plastics

Bromine additive-containing ABS samples were fabricated by the injection
molding of ABS (Cevian V-320SF, Daicel) and flame-retardant ABS (FR-ABS,
Cevian V-SER2, Daicel). The mixing rate of natural ABS and FR-ABS is shown
in Table 1. In this injection molding process, the material is heated and then ex-
truded into a mold by a screw feed. Each material was molded with a resin tem-

perature of 210°C and a mold temperature of 45°C, respectively. The content

Table 1. Details of halogen additive-containing ABS plastics.

FRABS conten t (%) Br (mass %) Sb (mass %) Cl (mass %)
0 0 0 0
33 1.5 0.28 0.16
66 34 0.81 0.26
100 6.1 1.7 0.44
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of halogen-based flame retardants and Antimony measured by X-ray fluores-
cence (XRF) is as shown in Table 1. Also, carbon black doped PE plates were fa-
bricated with various ratios of HDPE (Novatec HD HJ260, Japan polyethylene
Corporation) and HDPE/carbon black master batch composite (Japan polyethy-
lene Corporation) using the same method. The master batch has a 20 magnitude

black color.

3. Results and Discussion
3.1. Dependence of the THz Refractive Index on Plastic Materials

Figure 2 shows the dependency of the THz refractive index on the specific grav-
ity of the plastic samples, where the specific gravity is evaluated for each sample
by the Archimedes method with water or ethanol. It is found that a linear rela-
tionship exists between the specific gravity and the refractive index, where the
slope is 0.45. This result suggests that non-contact THz evaluation can separate
the plastic waste of PP, PE, ABS, PET and PVC into each material based on its
refractive index. As a discriminating component of plastic material, this evalua-
tion can be applied for micro-plastics using THz wavelength, but which is af-

fected by Rayleigh scattering with particle size [19].

3.2. THz Spectra of Plastic Materials

THz spectra of plastic samples are shown in Fig. 3. Based on the difference be-
tween their THz spectral characteristics, plastic materials can be identified even
for colored plastics. PP has the property of high permeability over a wide fre-
quency range. PE has strong absorption band around 2.2 THz (73 cm™), which
is attributed to the B, translational lattice vibration mode of PE [20]. Polariza-
tion THz measurements are also helpful for the non-destructive diagnosis of
mechanical deformation in polymer [21]. PVC shows a higher transparency at
lower frequencies and a lower transparency in higher frequency, respectively.
PET samples have lower transmission characteristics even in the lower frequency
region, regardless of color. As shown in Figure 3, the THz spectral features of

PP, PE, PVC can be used to discriminate waste plastics into each material. An
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Figure 2. Dependence of the THz refractive index on the specific gravity.
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imaging system of 300 - 350 GHz has been realized for sorting black plastics
[22].

3.3. Dependence of ABS THz Refractive Index on Br Content

Figure 4 shows the refractive index of bromine additive-containing ABS samples
versus the bromine content. The refractive index is constant over the frequency
range of 0.2 to 0.7 THz. The horizontal axis indicates the mass% of bromine as
measured by XRF. It is found that the refractive index nuzs increases linearly
with the bromine content xz, which enables us to evaluate the presence of halo-

gen additives in waste plastic by the following equation:

Nass = 0.0048x,, +1634 (1)

The detection limit considered from the stability of THz measurement is 0.5

mass% due to the signal/noise ratio of the measurement.

3.4. THz Refractive Index of PE with
Various Contents of Carbon Black

Figure 5 shows the THz refractive index of PE samples with various contents of
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Figure 3. THz spectra of plastic samples.
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Figure 4. Dependence of THz refractive index on the Br content for ABS plastic.
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Figure 5. THz refractive index of PE mixed with HDPE/carbon black master batch (MB).

carbon black, which were constant and averaged over the frequency range of 0.2
to 0.7 THz. The horizontal axis indicates the mass% of the HDPE/carbon black
master batch (MB) from the fabrication process. The refractive index is almost
constant below 10 mass % content of this MB. As shown in Figure 5, over the 10
mass %, the slope of refractive index np; with MB content X, is 0.00092, which
is fifth smaller than that of n4zs with xz. These results indicate that bromine has
a more sensitive influence on the THz refractive index compared to carbon black

as an additive.

4. Conclusion

THz properties of single plastic materials and bromine additive-containing plas-
tics were investigated in order to develop a THz identification technique for
plastic waste. Refractive indexes were measured for PE, PP, PVC, PET and ABS
in the frequency region of 0.2 - 0.7 THz, for which a linear relationship was con-
firmed between the specific gravity and the refractive indexes. The THz spectra
of these plastic samples show distinguishable properties. The refractive index of
ABS plastic is also increased as a function of Br content. Based on the different
properties of plastic samples, THz radiation can be used successful to distinguish
between plastic materials and identify halogen additive-containing materials

within waste plastics.
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