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Abstract
Polystyrene is a very popular polymer utilised in the manufacture of various consumer
products. This polymer is very cheap; however, after its usage, the slowness of its pho-
todegradation leads to environmental pollution. In this report, the author presents a
technique to systematically measure the rate of photodegradation of a thin polystyrene
film. The said film was made to coat a quartz crystal microbalance (QCM) sensor. In
order to detect polymer degradation and the reduction in the molecular weight, the
resonance frequency of the sensor was monitored for 24 h. Results revealed that QCM
sensor irradiation with ultraviolet light with a wavelength of 365 nm and optical power of
1.5 mW caused a quite significant change in the polymer structure.
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1 | INTRODUCTION

Polystyrene (PS) is one of the most common plastic materials
used in consumer goods, for instance in packaging and food
serving. This plastic is also extensively used in industries such
as construction, automotive, electronics, medical, and aero-
space. Unfortunately, in most contexts, no clear and effective
mechanisms exist for PS recycling, so most of this plastic ends
up in the oceans and landfills, or it remains in the open at-
mosphere. Given the widespread use of this material and the
lack of an efficient recycling process for it, PS is a substantial
contributor to plastic pollution [1]. Evidence also suggests that
PS contributes to nanoplastic pollution, which results in
nanoplastics contaminating drinking water and the food supply
chain [2].

Notably, multiple techniques have been reported for the
recycling of PS waste [3]. Hearon as well as Noguchi reported
D‐limonene as a solvent to be used in the modification of the
composition of the PS molecular chain [4–6]. Shah reported
the photodegradation of PS achieved by exposure to ultravi-
olet (UV) light, in a study whereby the researchers continu-
ously monitored over several minutes, the viscosity change of
the material exposed to UV light irradiation [7]. Another study

reported that the UV light causes photooxidative degradation
that causes breakage of polymer chains, which reduces the
molecular weight of the thin film [8]. Arandes reported a
process of thermal recycling of PS that relied on light cycle oil
[9]. In spite of their respective advantages and disadvantages,
all such techniques displayed very good promise, so far, their
efficacies have not been studied at a scale of a micro‐level thin
film. Thakur et al. discussed the various methods of recycling
PS‐based plastics including landfilling, and chemical and me-
chanical recycling [10]. Gutiérrez et al. reported the dissolution
technique as the primary step in PS recycling [11]. The main
advantage of this technique is its cost‐effectiveness, with the
main disadvantage being the impossibility to achieve polymer
precipitation at room temperature. Achilias et al. proposed PS
chemical recycling by way of pyrolysis [12]. This technique
involves the use of the liquid by‐product released as a result of
pyrolysis as raw material for the reproduction of PS. The main
advantage of the process is that it affords the reuse of the
styrene monomer released by pyrolysis. Its disadvantage con-
sists of the possibility that aromatic compounds contained in
the liquid fraction obtained as part of the process end up
acting as chain transfer agents, altering the shape of the re-
action rate curve. Yang et al. investigated a solid‐phase
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photocatalytic degradation of PS conducted over copper
phthalocyanine [13]. This technique was performed under the
illumination of radioactive fluorescent light in the air. The
researchers observed that PS photodegradation resulted in an
increase in the rate of PS weight loss, a reduction of the PS
molecular weight and of the amount of volatile organic
compounds, as well as an increase in the amount of carbon
(IV) oxide. The advantage of the described technique consists
of the reduced weights and volatility of PS while its disad-
vantage has to do with the need to carry out sample irradiation
in the air.

The main objective of PS recycling is to reduce its carbon
footprint. Polystyrene originates from petroleum, which con-
tributes vastly to the carbon footprint across the globe.
Recycling PS would extend the lifecycle of the material, and it
would reduce the pressure on the available petroleum re-
sources, which in turn would cut down the carbon footprint.
Finally, recycling PS is important because it reduces waste, by
cutting down the amount of PS going to landfills or ending up
in water bodies. The slowness of the process of PS photo-
degradation contributes to the amount of plastic waste
polluting the environment, some of which finds its way to
water bodies, where it floats on the water surface [14]. In this
article, we report a systematic measurement of a thin film of PS
exposed to the UV light for a prolonged period. As it is well
known that UV reduces the molecular weight of the plastic, it
was very important for us to employ a technique that would be
cheap, sensitive, and fast in delivering results [7, 8]. Therefore,
we have utilised a quartz crystal microbalance (QCM) that is a
well‐known sensor to perform various measurements. Such
sensors have been successfully used to monitor biofilm growth,
cell adhesion, blood coagulation, and viscosity measurement
[15–18]. QCM has also shown a great potential to be used in
environmental, chemical, and medical applications [19–22]. In
this study, with an aim of low cost and rapid response, we
exploited high sensitivity and well‐known understanding of a
QCM to measure the effect of UV on a thin film of PS on a
QCM.

2 | EXPERIMENTAL

Polystyrene pallets (CH2CH[C6H5])n with a molecular weight
of ∼280,000 were acquired from Sigma Aldrich. The pallets
were characterised by having an amorphous structure, so it
was important to prepare a liquid solution that could
be deposited on a QCM on a thin film. Anhydrous toluene
(99.8%, Sigma Aldrich) was used as a solvent to dissolve the
PS pallets. Specifically, 2 g of pallets were added to 1 ml of
toluene. In order to ensure complete pallet dissolution and
obtain a homogeneous solution, the mixture thus obtained
was heated at 45°C for 2 h. For these experiments, the
QCM sensors (QD8) were acquired from Fourien
(Edmonton, Canada) (Figure 1a). The sensors (diameter:
8 mm) were pre‐packaged for convenient handling; we
carefully avoided any dust contamination of the sensors and
ensured their compatibility with the QCM. The sensor

package was made up of a plastic called acrylonitrile buta-
diene styrene.

To deposit a thin film on a QCM sensor, the sensor package
was mounted on a spin coater using a double‐sided tape. Sub-
sequently, a 50‐μL droplet of a toluene/PS mixture was placed
in the centre of the QCM sensor using a pipette. The sensor was
then spun at 2500 rpm for 60 s. This process resulted in the
production of a thin film with a thickness of less than 1 μm.

The QCM sensors mechanically resonate in response to an
electrical excitation signal that matches their natural resonance
frequency. With every resonance cycle, the quartz material
generates a sinusoidal current. In order to exploit the QCMs
for sensing applications, we used low‐noise and high‐speed
electronics to record the resonance frequency of the sensors.
Figure 1b depicts the working schematic of the measurement
instrument. First of all, using the data acquisition and analysis
software, the excitation frequency was swept with a specific
range where the effort was made to keep the resonance fre-
quency in the centre. Therefore, in order to perform the
measurements with high accuracy and repeatability, a com-
mercial QCM measurement instrument was acquired from
Fourien Inc. (Edmonton Canada). The instrument has a built‐
in signal generator that after amplification electrically excites
the QCM sensors. The sensor comprises two silver‐coated
electrodes on either side of it. The electrical response of the
sensor is monitored using the feedback module of the in-
strument. The data is passed from the band‐pass filter so that
any high‐frequency or low‐frequency noise should be rejected.
Afterwards, the built‐in spectrum analyser performs a fast
Fourier transform on each signal.

Note that in Figure 1c, a cross‐sectional view of quartz
coated with a PS film is depicted. In order to study the pho-
todegradation of the PS film by UV light irradiation, the QCM
sensor was exposed to irradiation with the UV light at a
wavelength of 365 nm and an optical power of 1.5 mW.

3 | RESULTS AND DISCUSSION

Before any deposition on the sensor, its resonance frequency
was determined by sweeping an excitation sinusoidal frequency
from 3.99618 to 4.0024 MHz. By this approach, the resonance
frequency of the sensor was identified to have a value at
3.999590 MHz. The spectrum for the resonance frequency as
well as the phase was determined using the frequency sweep
resolution to be 2 Hz, the averaging factor 128, and the fre-
quency dwell cycles 500. These data enabled us to complete
each sweep within 70 s. In order to evaluate sensor stability, the
measurement of the uncoated QCM was carried out continu-
ously for 14 h. To determine the standard deviation of the
measurements, data for 14 min was used to calculate the value
for the standard deviation (17 Hz).

After conducting measurements on the blank (uncoated)
QCM, the sensor was coated with PS (as described in the
Experimental Section). After allowing the solvent to evapo-
rate to dryness, the sensor's resonance frequency was deter-
mined. The frequency sweep of a sinusoidal signal was
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performed from 3.97353 to 3.97999 MHz. The other mea-
surement parameters were kept the same as in the measure-
ments conducted on the uncoated sensor. Results from the
measurement procedure indicated that due to the increase in
mass associated with the addition of the PS thin film, the
resonance frequency of the sensor had dropped by 22.2 kHz
(see Figure 2a). This change in resonance frequency also
demonstrated that the thin film had achieved good coupling
with the surface of the sensor.

Subsequently, in order to perform the photodegradation
of the polymer film, the sensor was irradiated with the UV
light at a wavelength of 365 nm and at an optical intensity of
1.5 mW, using the integrated UV source in the instrument.
Data were recorded continuously for 24 h: the UV light was
first kept on for 7 h, it was then kept off for 7 h, and, finally,
switched on again for 10 h (see Figure 3a). The results of this
experiment indicated that over the first 7‐h interval of
continuous exposure to the UV light, there was a significant
change of about 155 Hz in the resonance frequency of the
sensor. This observation can be explained through the pho-
todegradation of the thin layer of the PS polymer. In fact, as
a result of its photooxidative degradation, the polymer chain
is broken, thus producing free radicals. Photodegradation

results in a reduction of the PS molecular weight, which is
made evident by the increase in the resonance frequency
associated with mass unloading [23].

After the first 7‐h exposure, the UV light was turned off
while the measurement of the resonance frequency
continued. After carrying on the measurement of the reso-
nance frequency for another 7 h, it was found that the said
parameter had not changed in value. This observation
descended from the fact that in the absence of UV irradia-
tion, the film had remained intact. After about 7 h of no
exposure, the UV light was turned on once again while the
measurement was being continuously performed. Once again,
a reduction of about 100 Hz in the resonance frequency was
measured. This observation was once again evidenced that as
soon as the UV light was turned on, the slow process of PS
photodegradation resumed.

In order to compare the measurements performed on the
uncoated and coated sensor, the standard deviation of the
subset of the data reported in Figure 3b was calculated. Evi-
dence indicated that the standard deviation of the measure-
ments conducted on the coated sensor was significantly higher
than its counterpart for the measurements conducted on the
uncoated one. This difference was possibly due to the

F I GURE 1 (a) Quartz crystal microbalance (QCM) sensor coated with a polystyrene (PS) thin film. (b) Schematic representation of the measurement
instrument. (c) Schematic representation of the QCM sensor ‘decorated’ with a long molecular chain of PS being irradiated with ultraviolet (UV) light
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F I GURE 2 (a) Resonance frequency and (b) phase and spectrum of quartz crystal microbalance (QCM) sensors, either uncoated (black curves) or coated
with polystyrene (PS) (red and blue curves)

F I GURE 3 (a) Measurement of the resonance frequency of quartz crystal microbalance (QCM) performed for an extended time period under periodic
ultraviolet light irradiation. (b) Standard deviation (σ) calculation on a subset of the data. (c) The calculation of quality factor (Q)
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degradation activity on the surface of the sensor, which might
have caused higher variations in the resonance frequency. The
other factors contributing to this instability may also be related
to higher thickness as well as any instability in the thin film.

Figure 3c shows the calculation of quality factor (Q)
through a fitting of Lorentzian function on the baseline‐
corrected data, presented in Figure 2a. The Q changed by
500 before and after UV irradiation. Considering the high
sensitivity of a quartz microbalance, this is not a significant
change representing the viscoelastic behaviour as the only
factor for the frequency change. In the light of the previous
literature [7, 22, 23] and the data of the quality factor, it can
be inferred that the change in the resonance frequency as
well as the Q is primarily because of UV‐based degradation
of the polymer while the viscoelastic behaviour also played a
role in this.

4 | CONCLUSIONS

Polystyrene photodegradation was systematically measured
relying on a highly sensitive sensor, QCM. A thin layer of the
polymer was coated on the surface of the sensor. The said
sensor was then exposed to the UV light for several hours.
Measurement results were indicative of a clear decrease in the
molecular weight of the polymer, which is evidence of pho-
todegradation of the thin layer of the polymer along with
changes in the viscoelastic behaviour of the thin film of PS.
This approach revealed that such experiments can be con-
ducted to study the degradation of multiple different polymers
at the industrial level. Therefore, such polymers can be
developed that are characterised by a high rate of UV light‐
driven degradation, which would lessen the harm they cause
to the environment.
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