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ABSTRACT

Standoff molecular identification of chemicals finds immense applications in homeland security,
forensic investigation and plastic recycling industries. Although, standoff detection using mid-
infrared radiation offers excellent molecular selectivity, sensitive detection of mid-IR radiation
using inexpensive detectors is a challenge. In the present work, we show commercially available
inexpensive Quartz Tuning Fork (QTF) can be effectively used for rapid standoff detection of solid
samples using mid-IR radiation. In this method, a plastic sample placed 40 cm away was excited
with tunable infrared (IR) radiation pulsed at the resonance frequency of the QTF. The IR radiation
scattered off the plastic sample was used for exciting the QTF into resonance. Plotting the QTF
resonant amplitude as a function of irradiating IR wavelength represents the unique IR spectrum
of the plastic sample under study. The resolution of spectra recorded using QTF was found to be
superior to those collected with ATR-FTIR and the technique based on QTF was 10° times faster
than microcantilever-based photothermal deflection techniques. By combining simple machine
learning algorithms with QTF standoff resonance IR spectra, various plastic samples can be
effectively classified with 100% accuracy. Also, this technique was found to be capable of
identifying black plastics without any further sample preparation requirements.
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INTRODUCTION

Standoff chemical sensing techniques, where the operator and sensor element are at a distance
from the sample, have been gaining interest in recent times for forensic investigations,
environmental monitoring, national defense, and security applications'-. Standoff detection of
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waste plastic to identify their resin identification code has immediate relevance in the recycling
industry®®. In standoff chemical sensing, analyte never comes in direct contact with the sensor
circumventing the need for sample collection. For example, sensitive and selective detection of
trace chemicals such as surface adsorbed explosives have been carried out using standoff chemical
sensing!®!2, Molecular selectivity in standoff detection is obtained by resonant excitation of
physiosorbed molecules by spectroscopic techniques. Standoff chemical sensing techniques are
optical spectroscopic techniques such as laser absorption spectroscopy'® 4, Laser induced
fluorescence!>"!7, coherent Raman spectroscopy'® !°, Infrared absorption/reflection spectroscopy>
2l and Terahertz spectroscopy?” ?*, and so on. Although most of these spectroscopic techniques
offer high selectivity towards the target species, they lack the required high sensitivity. For
example, Conventional IR spectroscopy, following the Beer—Lambert principle, relies on
photodetectors which require cooling to suppress the dark current originating from background
noise. Often, intense stray light can saturate such conventional photodetectors making sensitive
detection a challenge. Similarly, Raman spectroscopy provides distinct and well-resolved peaks of
chemicals, however, it suffers from low photon fluxes, and the achievement of sufficient signal-
to-noise (S/N) ratios at acceptable acquisition times often requires the use of high-throughput
detection systems and relatively high laser power. 2.

Recently, standoff mid-infrared spectroscopy using microfabricated sensors such as
microcantilevers has been gaining popularity due to their ultra-high sensitivity and molecular
selectivity?> 2, In standoff spectroscopy using cantilevers, a sample placed at a distance is
illuminated sequentially with mid-infrared radiation. The scattered light is then collected and
detected with a microfabricated bi-material cantilever, which functions as an uncooled thermal
sensor. In addition, mid-IR radiation (3-14um), which is free of overtones and known as molecular
fingerprint regime, is used as the illumination source. A bi-material cantilever has a very high
thermal sensitivity, ~ 3-10 mK/nm, at room temperature?’ and has been successfully used for
chemical sensing of adsorbed molecules using photothermal effect?®. This technique known as
photothermal cantilever deflection spectroscopy (PCDS) has been used for detecting ultra-trace
levels of chemicals and biological molecules®-3!. In this technique, the target molecules are first
adsorbed on the bimetallic cantilever surface which are then excited using an IR source with
tunable wavelength. The cantilever undergoes deflection because of the heat generated due to the
non-radiative decay of resonantly excited molecules. The amplitude of cantilever deflection vs IR
wavelength reveals the IR absorption peaks of the adsorbed molecules and therefore can be used
for their selective detection. Although PCDS is a highly selective and sensitive technique, it
requires the adsorption of target molecules on the cantilever. In standoff sensing, adsorbed
molecules on a distant surface are resonantly excited using a tunable IR source and the scattered
radiation is detected using a cantilever. As a result, standoff detection does not require the target
molecules to adsorb on the cantilever and the cantilever acts only as a broadband IR detector.
Standoff detection using cantilevers has been demonstrated before. For example, Van Neste et al.'
demonstrated detection of trace explosives using bi-material cantilevers. Interestingly, the
sensitivity of a microcantilever depends on its stiffness i.e., cantilevers with low spring constant
offer higher deflection for a given change in temperature. However, cantilevers with lower stiffness
have low Q-factor thereby compromising the signal-to-noise ratio’>. Moreover, in these
experiments, the cantilever deflection was monitored by using an optical beam deflection method.
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The optical beam deflection is extremely sensitive, but its size and complexity make it unsuitable
for field deployable applications. Attempts to use piezoresistive microcantilevers are often limited
as the joule heating generated in piezo resistors affects the sensitivity of temperature
measurement’> 34,

Commercially available quartz tuning fork (QTF) has been routinely used as mass sensors.
Recently they have been used as sensors for photoacoustic spectroscopy. QTF has many
advantages such as a high Q-factor (~12000 in air), small size, low cost, low power consumption,
high precision, long stability and fully digital frequency output signal®>. QTFs are typically
operated in symmetric vibration mode where prongs vibrate in opposite directions. Acoustically,
in this mode, QTF acts as a quadrupole which results in excellent environmental noise immunity>°.
Sound waves from distant acoustic sources tend to move the QTF prongs in the same direction,
thus resulting in no electrical response. Quartz-enhanced photoacoustic spectroscopy utilizes QTF
along with IR radiation and is extensively studied for trace gas sensing applications with enhanced
sensitivity and selectivity’’*?. In this technique, QTF is operated at its resonance and acts as an
acoustic sensor to detect the IR light-induced sound waves in its vicinity. QTF Vibration amplitude
as a function of illuminating IR light shows the characteristic spectroscopic absorption signature
of the gas under investigation. The thermoelastic effect of QTF is also explored for gas sensing
applications and was first demonstrated by Yufei Ma*!. In this technique, the light adsorption-
induced photothermal energy is transformed into the mechanical motion of QTF. Efforts have been
made to enhance detection sensitivity through modifications in the light path, the utilization of
customized Quartz Tuning Forks (QTF), and innovative signal processing methods***4. These
advancements enable the detection of gas at parts per billion (ppb) levels.

In the present work, QTF was used for the fast standoff infrared spectroscopic characterization of
solid plastic waste samples. Unlike conventional QTF-based photoacoustic spectroscopy, in the
present method, QTF is utilized as a sensitive sensor with thermoelastic effect for the mid-IR light
reflected off the plastic sample. In this technique, the plastic sample placed at a distance is excited
with tunable IR radiation pulsed at the mechanical resonance frequency of the QTF. The vibration
amplitude of the QTF was continuously monitored using the Lock-in method, as the IR wavelength
is tuned. It was found that absorption of IR radiation at a specific wavelength by the sample
decreases the intensity of the scattered IR light, which in turn reduces the vibration amplitude of
QTF. QTF vibration amplitude vs IR wavelength therefore shows the IR spectra of a given plastic
sample and can be used to sensitively classify the plastic samples. We have compared the spectra
obtained with QTF and microcantilever-based method. The results show that the QTF-based
detection has higher spectral resolution and is faster by 3 orders compared to the cantilever
technique. Using simple machine learning algorithms, we are able to identify different plastic
samples placed at a distance of 10-40 cm. We have also investigated the effect of modulation
frequency, IR illumination location on QTF, scan speed and ambient temperature on the recorded
spectra. Moreover, the present method was found to be useful for detecting black plastics, without
any further sample preparation requirements.

EXPERIMENTAL SECTION



Commercially available QTF with resonance frequency at 32768 Hz were used in the present work.
Ahead of experiments, the cap sealing of the QTF was removed and the exposed device was used
as it is. QTF can be treated as two identical prongs (cantilevers) coupled by a low-loss quartz
bridge. The resonance frequency of the QTF is determined by its geometry and material, and it
can be estimated by the following equation** 4
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Where E and p are Young’s modulus and density of quartz, L, T are the prongs' length, and
thickness, and mn is the mode number, respectively. The L, w, t of the QTF used in this study are
equal to 3500, 260, and 200 um, respectively and for fundamental mode, mi = 1.194. When
photons are incident on the QTF, it will generate heat and driving force is created caused by the
thermoelastic property of QTF. If the incident photons are modulated, the photothermic force will
set the QTF into mechanical motion and can be detected as an electrical signal due to the
piezoelectric effect.

Standoff detection system using QTF was assembled on a standard optical table as illustrated in
Figure 1(a). A tunable Quantum Cascade Laser (QCL) with wave numbers ranging from 775 cm’!
to 1900 cm™ was employed as the mid-IR source (Block Engineering, LaserTune™). The QCL
operates at an average power level of 100 mW, ensuring sufficient intensity for effective probing
of the samples. The QCL was scanned from 775 cm™' to 1900 cm™' with a step of 10 cm™' at a
pulse width of 60 ns and a pulse repetition frequency of 1 MHz for the optimum power output.
The IR beam was externally triggered by a function generator (Agilent 33600A Series). The plastic
sample was placed on the sample stage and was shone by the IR beam emanating from the QCL.
The scattered IR light from the plastic sample was collected using a gold coated concave mirror,
placed 20 cm away from the sample. The collected light was then precisely focused onto the QTF
placed at the focus point of the concave mirror (10 cm). It may be noticed that the concave mirror
was conveniently placed above the plastic sample to enable it to collect most of the scattered IR
light from the plastic sample. Also, QTF was mounted on a precision X-Y stage, so that the IR
light from the concave mirror can be precisely focused on the desired position of the QTF prong.
By using the concave mirror, it is certain that the light reaching the QTF after scattering from the
plastic sample is sufficient to excite the QTF, as shown in Figure S4 in the supplementary
information. The concave mirror used in the present work indeed efficiently collects and focuses
the scattered light from the plastic sample enabling sensitive detection and characterization of
plastics. For distance dependence experiments, the distance between the plastic sample and the
concave mirror varied from 20 to 40 cm. The signal produced by the QTF was captured by a
custom-made readout box and the signal was fed into a lock-in amplifier (Stanford Research
Systems, model SR865 A). It may be noted that the QCL was pulsed at IMHz frequency with
duty cycle 5% (used to determine the output power) and modulated at 32.768 kHz which is the
resonance frequency of QTF. The QTF response was found to be maximum when the IR
modulation frequency matched the QTF resonance. The modulation frequency of 32.768 kHz was
used as the reference signal in a lock-in amplifier which was found to improve signal-to-noise ratio



during data acquisition*’. For comparison, plastic samples were also characterized using ATR-
FTIR spectroscopy (VERTEX 70, Bruker).

It was observed that the QTF amplitude response also depends on the location of IR radiation on
the QTF. The optimum radiation location for the visible laser was investigated before and found
to be at the joint point of the two prongs of the QTF*. However, unlike visible light, for IR
irradiation, the optimum location was found to be at the base of QTF and on the quartz material as
shown in Figure 1(b) (see supplementary information). It may be attributed to the fact that when
the wavelength of IR radiation is > 4.8 um all the electromagnetic energy is known to be deposited
in quartz*®. Based on these experiments, all the spectroscopic measurements were performed by
focusing the laser at the base of QTF and the modulating frequency was fixed at 32.76 KHz.

The spectra acquired in the present work were compared with the spectra obtained with the
photothermal deflection spectroscopy (PCDS) method using a bi-material microcantilever. The
details about PCDS can be found in other literature. Briefly, the scattered photons from the plastic
waste surface were collected and directed onto a bi-material cantilever. Cantilever deflection due
to photon-induced heating was measured using an optical beam deflection method. By plotting the
cantilever bending response as a function of scanning wavenumber, a photothermal spectrum of
the sample was collected.
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Figure 1. (a) Schematic of the experimental setup of thermoelastic IR spectroscopy using QTF. RC:
readout circuit. The pulse rate is set IMHz with 5% duty cycle and the modulation frequency of
32.76 kHz with a 50% duty cycle. The enlarged on the top right shows the standoff detection
system. The incident photons hit the plastic waste surface and the scattered photons are collected
and focused on the QTF. (b) Optical microscope image of a QTF used in this study. The laser
excitation position is at the base of QTF and is shown by a star symbol.

We have used commonly available plastic samples, such as milk bottles, coffee cups, and plastic
bags, representative of the plastics commonly encountered in material recycling facilities. The
plastic samples include PET (water bottle), HDPE (milk bottle), PVS tubes, LDPE (plastic bags),
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PP (coffee cup), and PS (plastic cutlery). For effective classification of plastics, the database
collected by the QTF technique has been analyzed using a machine learning algorithm. More
details can be found in the supplementary information.

RESULTS AND DISCUSSION

In our standoff detection experiments, the plastic samples were irradiated with IR radiation from
a QCL in the wavelength range of 775 cm™ to 1900 cm™ and as explained earlier the scattered
light was detected using a QTF placed in the optimum position. Initially, a background spectrum
of the clean sample holder surface was recorded. Following this, the plastic waste sample under
investigation was placed on the holder. It was illuminated with the QCL, and the vibrational
amplitudes of the tuning fork were collected as a function of illumination wavelength. The ratio
between the background and the plastic signal was calculated, producing a distinctive
thermoelastic spectrum specific to the sample under investigation. Figure 2 shows the
thermoelastic spectra recorded on six types of common plastic waste samples. The y-axis in Figure
2 represents the QTF vibration amplitude as a function of the mid-IR wavenumber (x-axis), which
was used for illuminating the plastic waste samples. The extent of QTF vibration amplitude is
directly proportional to the amount of IR radiation scattered by the plastics. The absorption peaks
observed in the spectra correspond to the unique chemical characteristics of each plastic waste
type. For example, in LDPE, the observed peak at 1377 cm™ belongs to the symmetric bending
mode of -CH3 and the peak at 1473 cm™! represents the bending mode of -C-H. Analysis of the
standoff spectra of all the plastic samples studied in the present work is given in the supplementary
material. These findings demonstrate that the standoff spectra obtained with a QTF effectively
capture the vibrational bond information specific to each sample.
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Figure 2. Thermoelastic spectra of different plastic waste samples recorded using QTF and their
comparison with FTIR. (a) PET. (b) HDPE. (c) PVC. (d) LDPE. (e) PP. (f) PS.

Figure 3(a) compares the spectrum recorded in the present work using QTF with that obtained by
ATR-FTIR. From this figure, it is evident that all the characteristic peaks seen in FTIR are clearly
resolved in the spectra recorded using QTF but with different peak amplitudes. The differences in
relative intensities of the two techniques can be attributed to the difference in the light source used,
the photon detection method and the background correction methods employed. Photothermal
spectra using QTF were recorded using QCL (polarized light), unlike FTIR which uses a thermal
source (unpolarized light) with a different spectral resolution. Also, photons are detected using
thermopile in FTIR, whereas it is the thermoelastic response of QTF in the present work. Relative
intensities and presence/absence of peaks in QTF spectra when compared to FTIR seem to stem
from these differences which make the photothermal spectra, of the analyte under study, obtained
from QTF complementary to the FTIR spectrum.

Interestingly, additional peaks are also seen in the spectrum recorded using QTF in some samples.
For example, the structure of polystyrene contains a CH2 and a mono-substituted benzene ring
pendant group. The peak at 1600 cm™ is attributed to benzene ring mode. It is interesting to see
the weak “benzene fingers” (series of weak overtone and combination bands) which fall from 1650
to 2000 cm! are clearly resolved in QTF spectra whereas they are not seen in the ATR-FTIR
spectrum. Patterns of benzene fingers can be used to distinguish mono-, ortho-, meta-, and para-
substituted benzene rings in polystyrene. Three peaks in this region probably indicate the mono-
substituted benzene ring®!. This result clearly demonstrates the superior peak-resolving nature of
the experimental setup used in the present work using QTF.
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Figure 3. (a) IR spectrum of HDPE sample obtained by QTF and ATR-FTIR (b) Mid-IR spectrum
of HDPE using QTF and photothermal cantilever deflection spectroscopy (PCDS).

Interestingly, the spectral resolution of QTF was found to be even better than the bi-material
microcantilever-based PCDS. Figure 3(b) shows the typical standoff spectrum recorded on HDPE
using both QTF and microcantilever. The peak at 1473 cm™! corresponding to -C-H bending mode



in HDPE appears as two well-resolved peaks in thermoelastic spectroscopy when compared to the
spectra recorded using microcantilevers (see inset). The lack of side chains in HDPE allows the
methylene chains to get close enough to orient and crystallize. The methylene groups on two near-
parallel CH2 chains absorb photons of the appropriate energy at the same time and undergo
vibrations simultaneously to form in-phase or out-of-phase vibration modes. This explains the
reason for a pair of peaks in HDPE at 1472 cm™ and 1464 cm™°% %3, These spectroscopic features
are clearly seen using QTF and its superior nature can be attributed to the following reasons.

QTF used in the present work was operated at its resonance and had a very high Q-factor, unlike
microcantilevers which were operated in static mode (i.e. off-resonance) in the PCDS technique.
QTF has a higher spring constant and extremely high Q-factor which enables it to quickly resume
to its equilibrium amplitude for a given temperature change’. Typical time response of QTF and
microcantilever for an ON-OFF cycle of IR light at their corresponding modulating frequencies
are shown in Figures 4(a) and (b), respectively. From the Lorenzen fitting curve, the response
times were calculated and are shown in Table I. It is evident that the response time of QTF is 10°
times faster than microcantilevers. QTF responds in microseconds, whereas microcantilevers take
milliseconds.
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Figure 4. Time response of (a) QTF and (b) microcantilever. The solid line shows the ON-OFF
cycle of IR light at a modulating frequency.

The noise-equivalent power (NEP) is the common metric that quantifies a photodetector’s ultimate
sensitivity as the power generated by a noise source®. It is defined as the signal power that gives
a signal-to-noise ratio in a 1 Hertz-output bandwidth and is given by

NEP = S—N
R,
where Sy is noise spectral density and R,, is the responsivity of the sensor. Responsivity of both
QTF and microcantilever were estimated from response vs input IR laser power plot as shown in
Figures 5 (a) and (b), respectively. It is evident that the responsivity of a QTF is higher by an order
of magnitude than that of a microcantilever.
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Figure 5. Incident IR power Vs response of (a) QTF and (b) microcantilever. From the linear fit
of data, responsivity was estimated. Error bars are shown in black color.

Noise spectral density of QTF is given by*,

V? 4K,T
5, YO _ p [4Ks
Afp Rorr

where VN is the voltage noise at the preamplifier output, fp is the detection bandwidth, Ks is the
Boltzmann constant and T is temperature. Also, Rotr and Rr are thermal noise generated by QTF
and preamplifier resistance, respectively. Typically, the Rortr is in the range of 10 MQ and the R¢
used in the preamplifier is ~ 100 KQ. Substituting these values in the above equation noise spectral
density was estimated to be 33 pV//Hz. Similarly, RMS noise amplitude (Zu) of microcantilevers
at off-resonance can be calculated using the formula®,

| 4KgT
Zin/NB = 21 foQKs

Where Kz is the Boltzmann constant, T is temperature, B is measurement bandwidth and Q, K,
and fo are the quality factor, spring constant and resonance frequency of MC, respectively. By
substituting these values for 500 um and 100 pum MC, RMS noise amplitude was estimated to be
4.24x10"* m/A//Hz. Using these values NEP of QTF and microcantilever were estimated and are
shown in Table 1. Interestingly, NEP of the microcantilever was superior to QTF as the former is
operated off the resonance; but signal-to-noise ratio (SNR) was found to be much better in QTF.
The SNR was calculated from the response signal to further evaluate the performance of the sensor
by the following equation:

S
NR =101 —
S 0 og(N)

Where S is the signal voltage and N is noise voltage. The estimated SNR is given in Table 1. The
results show that the SNR of QTF is far better than that of microcantilever which is probably the
reason for the better peak resolving power of QTF.



Table I. Various IR detection characteristics of QTF and microcantilever. *Voltage response was
converted into microcantilever displacement in pm.

S.No. | Sensor Modulating | Noise spectral | Responsivity | NEP Response | S/N
frequency | density time
1. QTF 32.78 kHz | 33uV/HZ"® 136V/W 0.24 1.6us 59
(resonance) uW/Hz%> dB
2. Micro- 50 Hz (off- | 0.42 pm/Hz’> | 39.8V/W 28 0.5ms 38
cantilever | resonance) (3.98 nW/Hz3 dB
pm/W)*

For classifying the plastics samples using machine learning algorithms, the spectra data recorded
using QTF was first fed into the principal components analysis (PCA). PCA is a statistical
technique for reducing the dimensionality of a dataset, especially large ones containing a high
number of dimensions/features per sample. It would enable visualization of multidimensional data
while preserving the maximum amount of information. In our case, each sample was comprised of
385 features obtained by QTF while the PCA reduced the dimensionality to 3 as X-, Y-, and Z-
coordinates of a dot shown in Figure 6 a. These coordinates describe three features having the
maximum variations used for the classification. The distribution of our data illustrated that samples
that shared the same category (label) were close to each other and roughly formed assembled
clusters for they did share similar properties theoretically. Then ML algorithms were utilized to
precisely classify the six types of plastics. Here we used the model of CNN aiming to extract
representative features, based on facts which was already implied in our PCA experiments. From
the confusion matrix, figure 6 b, the prediction accuracy on the entire dataset reached 100%.

(a) o PET (b)
« PVC 100%

PS .

HDPE - 80%

e LDPE
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£ . e
- 20%
— 0%

PET PVC PP PS HDPE LDPE

Figure 6. (a) Scatter plot of database obtained by the QTF technique for the classification of
plastic samples (b) confusion matrix of the database containing six types of plastics obtained by
QTF. The accuracy of the classification of pure plastics can reach 100%. The values for all other
cells are zero.
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To further assess the performance of the QTF-based technique, the effect of temperature, detection
distance, laser power and scan speed were investigated. First, temperature dependence studies were
conducted to evaluate the sensor's stability in relation to ambient temperature. Temperature
fluctuations can induce mechanical strain in the QTF, which subsequently affects its resonant
frequency®. To investigate the same, an experiment was performed to monitor the QTF response
with increasing temperature (RT to 130 °C) at a given IR excitation (1972 cm™). QTF was installed
on the top of a programmable heating stage (MHP 30 PD, YKEY) at a fixed distance of 1 cm.
Figure 7(a) shows the QTF response with increasing temperature. From this figure, it is evident
that the fluctuation in the QTF signal resulting from changes in ambient temperature remains
within 1.6%. This result indicates the remarkable stability of QTFs, highlighting their capability
for dynamic operation under varying temperature conditions.

Second, the QTF response with distance from the plastic waste sample was investigated and is
shown in Figure 7(b). It shows that with the detection distance increasing from 20 cm to 40 cm,
the response only decreases by 7%. Therefore, by implementing suitable optics, this technique has
the potential to extend the detection distance even longer, enhancing its suitability for long-range
applications in MRFs.

To meet the requirements for rapid and efficient detection in MRFs, the QCL mode was
transitioned from step mode to sweep mode. This transition allowed for faster processing, which
could be completed within 10 seconds. As shown in Figure 7(c), the characteristic peaks of LDPE
could still be reliably captured in sweep mode. Although the sweep time cannot be further reduced
due to technical limitations of the QCL, this result underscores the potential for increased speed
without sacrificing the technique's performance, thanks to the QTF's stability due to its high
resonance frequency and Q-factor.

11



Temperature Stability Distance Dependence

(a) - (b) 0-5 <
quartz tuning fork ~— | — E —
0.4+ E.@ = 0.24
Infrared light / 0.4+ % \
‘o 7 A A I J S
< NIRRTy S 2 021
£ 0.3 thermalstage- c 034 2 20 25 30 35 40
E 23°C - 130° T.wj Distance (cm)
c - J— £ *» - cC
S 0.2- = S 0.2
w w
i 4
0.1
0.1+
0.0 N
0.0 T T T T T T T T T T T T T T
23 34 41 50 62 75 130 0 10 20 30 40
{c) Temperature (°C) Time (s)
34 Step Mode
S 24
E
o 1]
w)
c 3
g | Sweep Mode
0 2-
x |
14
| ! I ! I ! |
1200 1400 1600 1800

Wavenumber (cm™)

Figure 7. Performance of standoff thermoelastic spectroscopy detection system using QTF. (a)
QTF response as a function of temperature at a fixed IR excitation. Insert figure shows the
experimental setup schematic. (b) QTF response as a function of distance from the plastic

sample. (¢) QTF response under step and sweep operating mode of mid-IR.

Black plastics pose a substantial challenge while sorting using reflectance or transmittance
spectroscopic methods like Near-Infrared (NIR) spectroscopy. The carbon particles that create the
black color in these plastics absorb all NIR radiation, and as a result, no detectable signal can be
obtained for material separation’’>’. Figure 8 shows the thermoelastic spectrum of black-colored
PVC, LDPE, and ABS samples using QTF standoff spectroscopy. It is evident from Figure 8§ that,
despite their identical visual appearance (see inset), the QTF-based technique using a mid-IR light
source can successfully obtain the spectral signatures specific to each type of plastic material.
Unlike NIR, mid-IR does not suffer from complete absorption by carbon particles. QTF being very
sensitive, can pick up the spectroscopic features of various plastics even in the presence of carbon
particles. The presence of additional peaks in these spectra might be due to the introduction of
black dye in the black plastics and can be utilized to distinguish between different types of dyes.
These results hold great promise for enhancing the accuracy of MPW characterization, a critical
factor in the overall plastic recycling process. The performance of the technique can be further
improved by utilizing customized QTFs®.
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Figure 8. Thermoelastic spectra of black plastics: PVC, LDPE, and ABS. The insert figure shows
the photograph of the tested samples.

CONCLUSIONS

We have demonstrated rapid standoff detection of waste plastics using an inexpensive quartz
tuning fork and a tunable mid-IR radiation pulsed at the resonance frequency of the tuning fork.
Scattered IR radiation from the plastic sample was used to excite the QTF and the resonant
amplitude of the QTF as a function of irradiating wavelength showed the unique IR spectral
features of the plastic sample. Using this technique, we were able to differentiate different classes
of plastic samples, including black plastics, placed at a distance of 40 cm. The spectral peaks
obtained using QTF showed higher spectral resolution as compared to ATR-FTIR. Moreover, it
was found to be 10° times faster than static photothermal cantilever deflection spectroscopy. The
spectra obtained with QTF when analyzed with a machine learning algorithm showed faster
response times and extended detection distances. This technique has substantial promise for real-
time, online molecular characterization in industries that demand both selectivity and sensitivity
for high throughput operation.
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