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ABSTRACT

The applicability of short continuous artificial UV treatments has been studied to reduce the luminescence background in Raman
spectra of plastics. Our method applies to two groups of polyethylene plastics, in which luminescence arises either from pigments

or from surface contaminations such as biofilm or from a combination of both. Increasing the duration of continuous UV expo-

sure resulted in decreased luminescence due to photobleaching. The evolution of surface morphology and chemical composition
was monitored using optical spectromicroscopy. With progressive photobleaching, the signal-to-noise ratio of first-order Raman
signatures improved, facilitating spectral analysis. In particular, we achieved a correlation rate exceeding 90% in the identifica-
tion of polymers and their additives after treatment, which is mainly limited by the availability of reference databases. While the
procedure allows for the rapid and non-destructive identification of polymeric species, it induces only minor chemical modifica-

tions at the surface, including the oxidation of functional groups.

1 | Introduction

Since the middle of the twentieth century, a fast increase of the
world plastics production is observed [1]. In 2023, the global
plastic production was estimated at 413.8 million metric tons
(Mt) [1, 2]. Between 1950 and 2015, 6300 Mt of plastics were
manufactured: 12.7% and 9.5% were incinerated and recycled,
respectively [3]. The remainder (77.8%) was discharged and ac-
cumulated in the environment [3]. None of the commonly used
plastics are biodegradable, which generates plastic waste in all
environmental compartments [4-6]. The omnipresence of plas-
tics in the atmospheric, marine, and terrestrial environments is
well-documented [7, 8]. In the long term, this waste is subject to
fragmentation into micro- and nano-plastics under the effect of
external conditions (solar radiation, oxidation, mechanical abra-
sion, etc.) [9-11]. A decrease in the size of particles increases the

risk to release additives and of ingestion by terrestrial and ma-
rine animals [12, 13].

In order to visualize the nature of plastic pollution, it is neces-
sary to have access to reliable chemical identification methods
[14]. Infrared and Raman spectroscopy are widely used and
recognized techniques in the scientific community [5, 15, 16]
thanks to their non-destructive characteristics without specific
preparation and small sample quantities [17-20]. While infra-
red absorption spectroscopy generally provides a substantially
higher cross section than Raman spectroscopy, the latter be-
comes comparable and even stronger in the case of resonant-
Raman conditions, i.e., when the incident radiation is absorbed,
which is typically the case for additives. Moreover, Raman spec-
troscopy provides a superior spatial resolution (typically better
than 1um) to infrared spectroscopy (few microns) [20-22]. The
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ability to detect small quantities of constituents, combined with
high sensitivity to many additives such as pigments, has estab-
lished Raman spectroscopy as a relevant method for microplas-
tics identification [23, 24].

A key limitation for the use of Raman spectroscopy is the
presence of photoluminescence [17, 20, 25]. Occurring in the
same spectral range as Raman scattering and displaying a
cross-section that exceeds that of the Raman effect by several
orders of magnitude, it leads to broad and intense bands mask-
ing (partially or completely) the Raman signature [26]. When
photoluminescence is too intense, chemical identification be-
comes impossible [27]. More specifically, the intensity of Raman
bands should exceed the statistical noise of the luminescence
signature. The latter may be caused by impurities, defaults, ab-
sorption of the molecule itself, or its interaction with other com-
ponents [28, 29].

Photoluminescence in polymers originates either from the
backbone, which generally requires UV excitation, additives
with absorption in the visible range, and adsorbates including
biofilms and chemisorbates. In our pristine samples, at an ex-
citation wavelength of 632.8 nm, which corresponds to 1.96 eV,
photoluminescence is associated with additives (pigments) or
defaults to produce a luminescent background [1, 5, 23]. The
interference between pigment-associated photoluminescence
and Raman signature is strongest, when the laser excitation
wavelength is close to the main emission of the dye, and there-
fore overlaps with the relatively weak Raman shift [19, 30].
For our aged samples, additional contributions to photolumi-
nescence are generated by surface contaminations, in partic-
ular when a biofilm is formed (in the case of plastics in the
sea, for example) [31-33]. Encountered during natural aging,
biofilm development on the substrate surface is known to in-
volve strong luminescence, preventing Raman identification
[18]. The removal of the biofilm is complex and generally in-
volves chemical treatments. Consequently, using Raman spec-
troscopy in the field of plastic pollution requires preliminary
measures to minimize luminescence arising from those dif-
ferent sources.

Various studies aimed at the reduction of the luminescence back-
ground by pre-treatment (photobleaching, oxidative treatments),
wavelength modifications or time-gated Raman spectroscopy
[33]. Photobleaching involves successive irradiations of the sam-
ple to degrade the luminescent compound [23]. Photobleaching
is usually performed with the Raman laser itself. Reports have
shown a decrease in luminescence associated with an increase
in the signal-to-noise ratio for Raman spectroscopy [34] to the
point that an identification of the pigments or polymer becomes
possible [1]. Dongkwon et al. [1] noted an accelerated decrease
in luminescence when the laser power is increased or when pig-
ment concentration or particle size are decreased, but only the
laser power is experimentally accessible for the case of environ-
mental investigations. Laser-induced photobleaching is efficient
as it occurs at the very spot of observation in a confocal Raman-
spectroscopy setup. Already for moderate laser powers of 1 mW
and a diffraction-limited focal area in the range of 1 square
micron, the intensity is in the range of 1GW/m?. The obvious
risk upon absorption is that the treatment will not be limited
to photobleaching but might induce irreversible oxidation if not

pyrolysis of the sample [17]. In particular, in the case of biofilms,
the confocal depth is insufficient to photobleach all possibly in-
terfering fluorophores, so that our approach is directed towards
an external treatment. Moreover, Macdonald et al. [17] observed
possible physical or chemical modifications of certain sample
components during prolonged exposure to intense laser radia-
tion (25mW on a diffraction limited spot) at 785 nm.

Explicit oxidative treatments have been proposed as a way to
overcome the luminescence background. Liu et al. [35] demon-
strated the effectiveness of Fenton's agent (Fe**, Fe*, Fe,0,, and
K,Fe,0,) to generate hydroxyl radicals (in presence of H,O,) to
suppress the luminescent agent. For all colored plastics, they
obtained positive identifications with match scores above 70%.
A discoloration of the samples was observed with a progressive
disappearance of the plastic additive peaks on the Raman spec-
tra after treatment [35].

Another strategy is the use of lower excitation energies or higher
wavelengths to avoid electronic transition [25, 36-39]. The in-
crease of wavelength leads to a decrease in the Raman scattering
cross section (in relation with the 1/4 [4] Raman cross section)
[27, 40]. To compensate, substantially longer acquisition times
are required [18]. This method does however not suppress lu-
minescence in all cases. Additionally, changing the excitation
wavelength to the point that conditions for resonant Raman ex-
citation are no longer met may result in a loss of information in
the analyzed spectral range [36].

Finally, with the recent technological advances in detectors,
time-gated Raman spectroscopy has become increasingly pop-
ular [41-43]. Based on the use of short pulse lasers and time-
gated detectors, it exploits the difference in lifetimes between
Raman scattering (picoseconds or shorter-instrumentally lim-
ited) and luminescence emission (nanoseconds) [44, 45]. While
the Raman signal is collected, the luminescence is discarded
during the detector's idle time [27]. Kotula et al. [18] observed a
decrease of luminescence background with time-gated Raman
spectroscopy on plastics leading to possible identification of ad-
ditives and polymers. They also demonstrated an improvement
in efficiency as the pulsed laser emission time decreases [18].
Actually, its use is limited by the requirement of a pulsed laser
and specific detector to perform the measurements.

The present study presents preliminary observations of lumi-
nescence reduction obtained on samples aged under different
environmental conditions. Conventional photobleaching with
the Raman laser was performed to reduce the luminescence,
but this approach was insufficient to observe the polymer's
Raman modes or resulted in irreversible transformation of the
sample into amorphous carbon depending on the laser wave-
length and intensity. Unlike conventional photobleaching,
which only reduces luminescence where the laser interacts
with the sample, the process implemented here uses external
illumination to expose all surfaces. Our treatment provides
sufficient efficiency to photobleach fluorophores and, com-
pared to conventional photobleaching, bears a reduced risk of
sample destruction. The originality of this article lies in the op-
timization of the treatment conditions (exposure wavelength,
irradiance, humidity) to maximize treatment efficiency. Our
treatment provides a compromise between sufficiently good
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TABLE1 | Summary of the five types of UV treatments used to reduce luminescence.

Aging Types of Irradiance Temperature
chambers treatments Exposure period Lamp type (Wm™?) (°O) Effect of ...
QUV/se UVv-076 24h UV UVA-340nm 0.76 45
models irradiance
UV-083 24h UV UVA-340 0.83 45
(Q-LAB) i
UV-night 8h UV UVA-340nm 0.76 60 ... humidity
4h night phase X 50 phase
Humid UV 8hUV UVA-340nm 0.76 60 (temperature)
4h condensation X 50
phase
Novascan UV ozone 15, 30, 60, 120, 254nm X X
UV ozone 180, 240, 300, 420, 185nm wavelength
cleaners 540, 660min

photobleaching to reach the detection threshold of Raman
spectroscopy and sufficiently low absorption to preserve the
integrity of the sample. Particular attention is paid to the im-
pact of our treatments on the composition and surface mor-
phology of the samples, while the study also includes Raman
monitoring of biofilm-coatings during treatments. The
treatments are effective, as they allow for a straightforward
identification of the host matrix and are easy to implement,
cost- and time-efficient without chemical treatment, and still
only require a single excitation wavelength.

2 | Materials and Methods
2.1 | Samples

To demonstrate the effectiveness of the different treatments
on the luminescence, two batches of commercial high-density
polyethylene caps were studied. We also discriminate against
the origin of the luminescence, i.e., whether it is caused by
pigments (first group) or to surface contaminants (second
group). Due to industrial secret, their exact composition was
unknown. Other color samples, including red, were collected
but discarded because their Raman spectrum did not show
luminescence.

The first batch consists of two samples, green and blue bot-
tle caps, in order to ensure the applicability of our approach
to different pigments. The second batch contains white bot-
tle caps (non-luminescent in the visible) covered by a biofilm
layer to control the effectiveness of the treatments on biolumi-
nescence. These caps were immersed in seawater in the Bay
of Toulon for 3weeks, the time required for the microorgan-
isms to colonize the surface samples. The presence of the bio-
film was confirmed by optical microscopy observations, see
Figure 5. All those samples are typical pollutants identified in
the sea environment.

2.2 | UV Treatment

Five treatments with different UV conditions (irradiance, pres-
ence of humidity, and wavelength) have been set up to observe

their effects on the photoluminescence phenomenon (Table 1).
The UV radiation is usually classified as UV-A (400-315nm),
UV-B (315-280nm), and UV-C (280-100nm). To achieve differ-
ent wavelengths, two UV aging chambers have been used. The
QUV/se model from Q-LAB is equipped with lamps with an
emission wavelength of 340nm (UVA), a humidity-controlled
chamber, and a device for programming exposure cycles. UVA
is preferred for aging in QUV chambers since it is more repre-
sentative of natural sunlight. On the other hand, a UV ozone
cleaner with two emission wavelengths of 254nm (UVC) and
185nm (UVC) was also used to excite molecules and produce
ozone (no ozone was intentionally introduced in the chamber),
respectively. The differences in emission wavelength and the
presence or absence of humidity are the factors that differentiate
the two aging chambers. UVC was used for surface treatment
equipment, as it is more aggressive [46]. The sample-to-lamp
distance was similar for the two aging chambers. The use of
external illumination offers the advantage of processing several
samples simultaneously.

The QUV/se models have been employed for the first four treat-
ments. The exposure times were set to 1, 2, and 3days. First,
an irradiance of 0.76 Wm~™2 at 45°C has been performed and la-
beled “UV-076.” Second, to determine the impact of irradiance,
the temperature was kept constant and the irradiance was in-
creased to 0.83Wm™2 (“UV-083” treatment). Third, an interme-
diate treatment “UV-night” was realized to add a second phase
in the treatment. This “UV-night” treatment was used as a ref-
erence for the fourth treatment. The cycle was composed by UV
radiation phase during 8h and 4h of “night phase” (UV lamp
was off). For the UV radiation, an irradiance of 0.76 W m~2 with
a temperature of 60 °C was fixed. During the “night phase,” the
temperature was kept at 50°C. Fourth, the treatment “humid
UV” was implemented to study the influence of humidity
cycle. It was carried out with a succession of 8h of UV irradi-
ation (0.76 Wm™2, 60°C) and 4h of humidity. The humidity
was produced by evaporation of water in the chamber and was
constantly above 100%. The temperature during the humidity
phases was retained at 50 °C by the presence of hot vapor in the
test chamber.

To observe the effect of the irradiation wavelength, a UV ozone
cleaner was used for the fifth treatments. The choice of this
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equipment was motivated by its convenient accessibility in the
laboratory and its regular use for cleaning surfaces. Samples
that exhibited luminescence related to pigments or surface con-
tamination were aged for successive periods of 15, 30, 60, 120,
180, 240, 300, 420, 540, and 660 min.

2.3 | Monitoring Luminescence
and Simultaneously Controlling Surface
Modifications

2.3.1 | Experimental Procedure

Raman and infrared spectroscopy were used to monitor the de-
crease in luminescence and to understand the chemical changes
induced by the UV treatments, respectively. Surface alteration
was controlled by optical microscopy.

In this study, pristine samples containing different pigments
and immersed samples covered with biofilm (surface-related
luminescence) were analyzed. For pristine samples, a Raman
and infrared spectrum each were acquired at three different
positions. For immersed samples, the Raman spectrum was ob-
tained on a reproducible, single location. This choice was guided
by the biofilm's heterogeneous development at the microscopic
scale. Moreover, infrared measurements were impossible due to
the irreversible interaction of the ATR crystal and the biofilm.

For all Raman acquisition, two spectral ranges between 700-
1800cm~! and 2700-300cm~! were acquired. The lumines-
cence was quantified centered at 1300cm™ (between 700 and
1800cm™?) corresponding to its highest intensity. The ordinate
of the point was defined as the maximum intensity and called
“I max.” A decrease of the luminescence was reflected by a de-
crease of the “I max” upon treatment. The second spectral range,
around 3000cm™! (between 2700 and 3200cm™!) was used to
evaluate the match score (from a polymer database [47] included
on the Wire software) with the correlation methods [48-50]. To
compare with the polymer library, the spectra were first treated
with a subtract baseline correction. For infrared data, pre-
processing included the baseline subtraction, and normalization
was performed with Spectragryph [51] software.

2.3.2 | Spectroscopy to Evaluate Luminescence

Samples were analyzed with a Raman microspectrometer
(Renishaw) coupled to an optical microscope (Leica) equipped
with a camera. A He-Ne laser (633 nm, ~13mW) was used as the
source of excitation. The laser beam was focused on the samples’
surface by a 20x objective lens (0.4 numerical aperture), and
the spot diameter was estimated to be 2 um?. The scattered light
was dispersed by a grating of 1800Lmm™!, and a thermoelec-
trically cooled charged coupled device (CCD) detector recorded
the signal.

The Raman acquisition parameters (laser power, exposure time,
and number of scans) were adapted for each sample to prevent
saturation of the CCD detector. The laser power was limited to
typically 300 uW during the measurements to avoid damage to
the sample surfaces.

2.3.3 | Characterization of Surface Oxidation by
Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed
with an INVENIO Bruker FTIR spectrometer to estimate sur-
face oxidation during treatments. Attenuated total reflectance
(ATR) was carried out with a diamond crystal. The infrared
spectrum was acquired within the 4000-400cm™' spectral
range using a deuterated triglycine sulfate (DTGS) detector. The
infrared acquisition parameters were 4cm™! for the resolution
and 100 scans for accumulation.

3 | Results

3.1 | Effect of UV Irradiation on Pigment-Caused
Luminescence

In the first section, we focus on the luminescence generated by
the pigments. Commonly incorporated in plastics, pigments rep-
resent a serious limitation for Raman spectroscopy in the study
of plastic pollution. To qualify the effect of UV treatment, a phys-
icochemical characterization of the samples was performed.

Figure 1 displays the optical images and the Raman spec-
tra of the green and blue untreated caps. Figure 1a highlights
the luminescence phenomenon present between 700cm™' and
1800cm~ associated with an absence of any detectable Raman
signal. For both caps, a gap between the maximum intensity
was noted (Iygygreen = 34133 ¢ps and Lygy green = 20200 cps). 1t
is explained by the difference in pigments responsible to the
luminescence. Also, a greater intra-sample variability for the
green cap (g, = 13940 cps and oy, = 4243 cps) caused by the
heterogeneity of the photoluminescence signal on the surface
is observed. Chemical identification is impossible with such
spectra. Figure 1b reveals the presence of a low signal Raman
between 2700cm~! and 3200cm~!. Match scores of 85+ 6.5%
and 95 + 2.0%, based on two Raman bands, were obtained for
the green and blue polyethylene caps respectively with the Wire
software (Renishaw company) (Figure 1b). To obtain specific
data on additives, it is necessary to have Raman signatures from
the so-called fingerprint region in the range 700-1800cm™.
Identification of the polymer was confirmed by infrared spec-
troscopy (Figure S1, Table S1 [Supporting Information]). The
next sections present the effects of wavelength on luminescence
caused by pigments. Several factors such as irradiance, humid-
ity, and wavelength have been studied.

3.1.1 | Impact of Irradiance on the Luminescence

Figure 2 shows the decrease of photoluminescence after the
treatment UV-076 and UV-083 for (a,b) green and (c,d) blue
caps. Raman spectra of green caps (Figure 2a,b) exhibit an ob-
vious decrease of luminescence and displayed new vibrational
modes for both treatments. Raman signals of polyethylene (tri-
angles) and green pigments (black stars) are now clearly visible.
Contrary to infrared spectroscopy, the signature of these pig-
ments was observed by Raman spectroscopy. The decrease of
maximum intensity when treatment time increase confirmed
the efficiency of the treatments for the green caps. The same
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FIGURE 1 | Optical microscopy and average Raman spectra between (a) 700-1800cm™~" and (b) 2700-3200cm™" of unaged polyethylene from
green and blue bottle caps.
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Comparison of results with blue caps aged under the same conditions (c,d).

trend was observed for the blue caps (Figure 2c). It was noted
that the decrease in luminescence is proportional to the dura-
tion of treatment. In the short term (1day), a decrease in maxi-
mum intensity was observed for the both cap colors (Figure 2c).
After 2 and 3days, a new decrease in maximum intensity and
a reduction in standard deviation were observed. Overall, the
decrease in standard deviation was explained by a homogeniza-
tion of UV exposure across the entire surface. Between the two
processes, the UV-083 treatment was more effective in reducing

the maximum intensity, even if the two spectra overlap over the
long term (Figure 2c). Regarding the identification score, an
increase was observed on the first day of UV-076 and UV-083
treatment followed by a plateau after 2 and 3days (Figure 2d).
For example, the green cap treated 1 day under UV-076 and UV-
083 showed a respective match score of %, 1 v-o76) = 98 + 0.2
and %o 11 uv-0s3) = 99 £ 0.1. In fact, 1day of exposure was suf-
ficient to increase the correlation score, but longer treatment
makes Raman modes more visible (Figure 2a,b).
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TABLE 2 | Evolution of infrared functional groups after 1, 2, 3days of UV-076 and UV-083 treatments for green and blue caps [52].

Functional IR peak position (cm™)

Time (days) 3600-3200 2300 1715 1655 1100-1000
Groups Hydroxyl Carbonyl Carbonyl Vinyl Unknown
Green caps UV-076 1 = A + + =
2 + A + + +
3 - A - - -
UV-083 1 + = + + +
2 — = - — —
3 = + = = =
Blue caps UV-076 1 + A + + =
2 = A + + =
3 = A - - =
UV-083 1 + = + + -
2 = = — = =
3 - = - - =

Note: +, increase;—, decrease; =, invariant; A, absent.

The observation that the photoluminescence associated to
pigments does not completely vanish under UV treatment
can be explained by the lower penetration depth of UV radia-
tion into the polymer compared to the excitation wavelength
of the laser. The laser probes into a depth that exceeds that
of efficient photobleaching and therefore sees incomplete
photobleaching.

To complete this initial observation, infrared spectroscopy
(Table 2, Figure S2 [Supporting Information]) and optical mi-
croscopy were performed (Figure S3 [Supporting Information]).
Infrared spectra of green and blue UV-076 and UV-083 aged
caps indicate the formation of new functional groups (carbonyl,
hydroxyl, and vinyl). Their erratic evolutions are summarized in
the Table 2. The presence of oxygenated functional groups high-
lights the photo-oxidation of the polymer surface during the
treatments. Optical microscopy reveals no physical modifica-
tions on the sample surface during both treatments (no crack, no
fissure) with a conservation of the initial roughness (Figure S3
[Supporting Information]). Additionally, no visual discoloration
was observed.

In summary, we have demonstrated for the green and blue caps
that the UV-076 and UV-083 treatments have a positive ef-
fect on the reduction of the luminescence (Figure 2c). A slight
chemical modification on the surface of samples was identified
by infrared spectroscopy (Table 2). An accelerated decrease in
luminescence over a short exposure time (1day) was shown as
irradiance was increased. For longer periods (3days), UV-076
and UV-083 converged towards identical maxima intensity and
match scores, indicating incomplete photobleaching within the
confocal volume. The decrease of luminescence associated with
the apparition of Raman modes suggests that our protocol is ef-
ficient for different pigments. For pristine samples, the rate of
decrease in luminescence depends on the pigment (Figure 2c).

3.1.2 | Humidity Influence

Figure 3 shows the evolution of luminescence phenomenon and
match score during the UV-night and humid UV treatments for
both caps. The green and blue aged caps exhibit a reduction of
maximum intensity for both treatments (Figure 3a), accompa-
nied by the apparition of Raman signals between 700cm™ and
1800cm~! (Figure S4 [Supporting Information]). The photo-
bleaching is enhanced compared to the previous experiments
without water.

The process “UV-night” and “humid UV” provide additional
Raman bands between 700cm™' and 1800cm™! that were not
observed upon continuous UV treatment and that we attribute
to the unintentional increase of temperature from 45 to 60°C
(Figure S4 [Supporting Information]). Depending on pigments,
a different trend in the effectiveness of short-term luminescence
reduction was observed (Figure 3a). In the specific case of green
caps, humid UV treatment showed a rapid decrease in lumi-
nescence after only 1day of exposure. Also, a larger number of
Raman peaks were observed following the addition of humidity
in the process (Figure S4 [Supporting Information]). This dif-
ference in Raman signature is attributed to the influence of the
humid phase on the pigment at the origin of luminescence, most
likely due to the synergistic effect between photolysis and hy-
drolysis. Finally, Figure 3b highlights a superposition of match
scores for both samples treated (green and blue caps) over the
same period in UV-night and humid UV conditions. After 1day
of exposure, the match score exceeded 97 % for both samples and
treatments.

Infrared spectra of green and blue aged caps confirmed the
formation of hydroxyl (3400-3200cm™!), carbonyl (1800-
1680 cm™?), and vinyl (1640 cm™!) groups during the UV-night
and humid UV process (Figure S5 [Supporting Information]).
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FIGURE 3 | Estimated (a) decrease of the luminescence and (b) in-
crease of the identification score during the UV-night and humid UV
illumination time (1, 2, and 3days) for the green and blue caps.

An increase in absorbance of the infrared modes was noted
when the samples were subjected to UV-night treatment
compared to UV-076 or UV-083 process. This elevation is at-
tributed to an increase in surface oxidation resulting from a
rise in temperature during UV irradiation. In fact, UV-076
and UV-083 were performed at 45°C, whereas the UV-night
and humid UV were realized at 60°C for the UV exposition.
Moreover, infrared spectra of humid UV aged caps highlight
the formation of an additional band at 2300 cm! attributed to
carbonyl groups compared to UV-night treatment (Figure S5
[Supporting Information]). The random evolution of func-
tional groups and impurity absorbance demonstrated the
complexity of the mechanisms leading to the decrease in lu-
minescence (Table S2, Table S3 [Supporting Information]).
Optical images acquired with Leica microscope did not show
any microscopical surface degradation for green and blue caps
subjected to UV-night and humid UV treatments (Figure S6
[Supporting Information]).

In summary, UV-night and humid UV treatments have been
performed on green and blue caps to reduce luminescence.
Both procedures yield the same saturation value for the match
score (Figure 3). Between UV-night and humid UV treat-
ments, additional Raman signals were highlighted with the
humid cycle (Figure S4 [Supporting Information]). In com-
parison to UV-076 and UV-083 treatments, new bands in
Raman spectra were observed (Figure S4, red star [Supporting
Information]) and attributed to an increase in temperature
(from 45 to 60°C) inside the chamber during the UV irradia-
tion. An elevation of the surface oxidation was evidenced by

an increase of absorption of the oxygen and vinyl groups on
infrared spectra after UV-night and humid UV treatments
(Figure S5 [Supporting Information]). Second, the impact of
the humid cycle was confirmed by the presence of an infra-
red band at 2300cm™!, not present after UV-night treatment
(Figure S5 [Supporting Information]). This result suggests
an activation of supplementary reaction(s) in the presence of
water, certainly attributable to the photogeneration of radi-
cals. Finally, no physical modification of the surface structure
was observed (Figure S6 [Supporting Information]).

3.1.3 | Wavelength Effect

Figure 4 displays the evolution of the luminescence between
700cm~! and 1800 cm~! when green and blue caps were exposed
to UV radiation and spontaneously formed ozone inside the
chamber (4 = 254 nm and 185 nm) treatment for a few minutes
to a few hours. A gradual decrease of the maximum intensity
was noted (Figure 4a). Before treatment, no Raman signature
was observed but the reduction of photoluminescence in combi-
nation with an increase of Raman acquisition parameters (time
acquisition, laser power) provided access to Raman signal after
300min of exposure. An example of a Raman spectrum recorded
on the green cap treated 300 min is presented in Figure 4b. After
UV ozone treatment, vibrational modes of polyethylene (trian-
gles) and pigments (black stars) were revealed. Raman signatures
of pigments was observed while they remained undetectable in
FTIR spectra. Compared to other treatments, a higher reduction
in luminescence was obtained after a much shorter UV illumi-
nation duration. This result demonstrates the enhanced effec-
tiveness of UV-O, treatment in reducing luminescence.

Figure 4c superimposes the evolution of match score and ac-
quisition time for both cap colors. Before UV ozone treatment,
no consistent identification was obtained. For the green cap, it
took just 15min to identify the correct polymer (polyethylene)
from the database. The reduction in luminescence during the
process allowed for an increase in acquisition time without de-
tector saturation, which resulted in an increased match score.
After 60min, the identification score exceeded 90%, reaching
97% after 240min of treatment. Concerning blue caps, no clear
identification was possible before 60 min of treatment. The grad-
ual decrease in luminescence allowed for the identification of
polyethylene after 60 min of treatment. At 240min and 300 min,
the lower luminescence intensity allowed again for an extended
acquisition time, resulting in match scores of 98% and 99%, re-
spectively. For both samples, UV ozone treatment revealed a
high efficiency.

Table 3 displays the qualitative evolution of new infrared func-
tional groups and impurities during the UV ozone treatment of
the green and blue caps. Contrary to previous treatments, in-
frared spectra show the absence of a band around 2300cm™!
(for both caps) and bands between 3600 and 3200cm™ (green
caps). This difference between caps demonstrates the impact
of additives on the stabilisation of samples under UV exposure.
The absorbance fluctuation on the remaining functional bands
again shows the complexity of the mechanisms involved in sur-
face oxidation (and reduced luminescence) (Table 3), which goes
beyond the scope of this study. Eventually, optical microscopy
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TABLE 3 | Infrared vibrational mode evolution of functional groups during the UV ozone treatment for green and blue caps [53].

Functional IR peak position (cm™)

Time (days) 3600-3200 2300 1715 1655 1420 1100-1000
Groups Hydroxyl Carbonyl Carbonyl Vinyl Aldehyde Unknown
Green caps 60 A A + + + =
UV ozone 120 A A _ _ + _

180 A A - = + =

240 A A = - =

300 A A = - =
Blue caps 60 = A + + —
UV ozone 120 " A _ " _ _

180 - A - = — =

240 = A = — - -

300 = A + + + =

Note: +, increase; —, decrease; =, invariant; A, absent.

of green and blue aged caps again did not reveal any physical
degradation (cracks, fissures) during the UV ozone process
(Figure S7 [Supporting Information]). Once again, no discolor-

ation was perceivable at the macroscopic scale.

To resume, the UV ozone treatment on green and blue caps
has demonstrated a higher decrease in luminescence than the
previous methods (UV-076, UV-083, UV-night, and humid
UV) (Figure 4). Non-conjugated polymers require wavelengths
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below 200nm for the fundamental absorption of the polymer
backbone (in contrast to conjugated polymer systems that might
absorb even in the visible range). For this reason, we consider
that most of the photochemistry that we observe originates from
the sub-gap absorption via e.g., defects and interaction with
mainly undocumented additives. The infrared spectra displayed
a decrease in the number of new functional groups during the
treatment (Table 3), which suggests that different or additional
degradation mechanisms are at play in the presence of ozone. As
Bourgogne et al. [53] showed, the change in wavelength has an
influence on the photodegradation mechanisms involved and,
consequently, on the effectiveness of the treatments in reducing
the luminescence background. The efficacy of the treatment de-
pends on the nature of the additive and at this point, the UV-O,
treatment is the most efficient method.

3.2 | Effect of Continuous UV Irradiation on
Luminescence Caused by Biofilm

In this second section, the impact of continuous UV irradiation
on the luminescence caused by the colonization of microorgan-
isms on the surface of samples was studied. The existence of bio-
luminescence, encountered when measuring samples collected
after a prolonged stay in sea, is a major impediment for the study
of plastic pollution. At present, mainly chemical treatments are
used to remove the biofilm layer [54].

A qualitative comparison of results between treatments was
conducted taking into account the heterogeneous development
of biofilms on the microscopic scale. As can be seen in Figure 5,
the surface colonized was a white cap, which showed no lumi-
nescence overlapping with the Raman spectra before immer-
sion. An additional luminescence was induced by the presence
of the biofilm alone.

Figure 5 displays the initial state of each biofilm selected for
UV-night, humid UV, and UV ozone treatments. Figure 5a
shows the surface morphology before treatment and high-
lights the heterogeneous microscopic development of biofilms.

Figure 5b,c illustrates the emission spectra of biofilms between
700-1800cm™" and 2700-3200cm™". For all spectra, an intense
background of bioluminescence was observed and superseded
the Raman signal to the extent of preventing the chemical iden-
tification of the substrate (Figure 5b,c). For the humid UV treat-
ment, luminescence was still high and required a lower laser
power (0.1%) to avoid detector saturation caused by this lumi-
nescence (Figure 5a,b). The difference in Raman acquisition
parameters confirmed the heterogeneous microscopic biofilm
development on the sample surface.

3.2.1 | Impact of Continuous UV Irradiation

Figure S8 (Supporting Information) illustrates the effect of
UV-night treatment on the biofilm partially covering the white
cap. The superposition of untreated and treated Raman spectra
highlighted a decrease in peak intensity in the spectral range
700-1800cm™" and 2700-3200cm™' during the UV-night ex-
posure. For the first 2days, a rapid decrease is observed, with
a reduction of 50%. At 3days of exposure, a slight additional
decrease was obtained, but still no Raman signal was observ-
able in the two spectral ranges analyzed (Figure S8 [Supporting
Information]). Here, the biofilm creates a barrier between the
laser and the substrate, leading to the spectral signature of the
polymer being masked by the photoluminescence of the biofilm.
The thickness of the biofilm is a factor limiting the applicability
of the treatment. In fact, the mechanisms involved in UV-night
exposure of the biofilm generated a global diminution of the
initial luminescence. Indeed, the peak intensity converged to a
steady value over long times. Finally, the microscopy images in
Figure S8 (Supporting Information) show no physical modifica-
tion neither on the white cap surface nor on biofilm (no crack,
no discoloration, etc.).

3.2.2 | Influence of Humidity

Figure 6 depicts Raman spectra and images recorded on a bio-
film subjected to humid UV treatment during 1, 2, and 3days.
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The Raman spectra indicate a sharp drop in luminescence from
day one (Figure 6a). In the spectral range 700-1800cm™" and
2700-3200cm™!, an increase in the acquisition time and laser
power resulted in detectable Raman signals (Figure 6b,c). The
match score analysis in Figure 6d reveals reliable polymer iden-
tification after the first day of treatment. The decrease in lumi-
nescence visualized between days 2 and 3 resulted in a further
increase of the match score (%, = 98 %) with stabilization
for longer times (%3 = 98%) (Figure 6¢,d). Under the mi-
croscope, a discoloration during process was noted indicating
biofilm deterioration (Figure 6e) even though residues remain
visible.

Compared to the previous UV-night treatment, several Raman
bands are visible in Figure 6b,c even though the initial biofilm
luminescence was higher (Figure 5). These results highlight the
relevance of humidity for the reduction of the biofilm lumines-
cence. In contrast to the previous case of UV exposure under
dry conditions, a substantial biofilm degradation was observed
(Figure 6e). We assume that several mechanisms, such as hydro-
lysis and photo-oxidation, are involved, almost certainly simul-
taneously. The complementarity of the mechanisms has led to a

significant reduction in luminescence, with polymer identifica-
tion exceeding 97%. The involvement of one or more additional
mechanisms will be subject of further investigation to establish
a link between the biofilm deterioration and the increase of
Raman signals (Figure 6).

3.2.3 | Effect of the UV Wavelength on the Efficacy
of Luminescence Suppression

Figure S9 (Supporting Information) presents Raman results
when a biofilm is subjected to UV ozone treatment. Raman
spectra between 700-1800cm™' and 2700-3200cm™! show a
global decrease in luminescence during the treatment. At the
end of the treatments, the luminescence converges towards
a stable peak value, and yet, no Raman signals are detectable.
Between 180min and 300min of UV-night exposure, an in-
crease in the two spectral ranges of interest was observed. In
terms of physical structure, a slight discoloration of biofilm was
identified with no morphological modification of the substrate
(Figure S9 [Supporting Information]). This treatment high-
lighted a positive and limited effect of the UV ozone process
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with a progressive decrease in luminescence; however, it was
insufficient to bring the statistical noise of the luminescence sig-
nal below the expected intensity of the Raman signals, resulting
in the impossibility to identify the substrate by Raman spectros-
copy. However, a decrease in luminescence was demonstrated
when the substrate covered by biofilm was exposed to UV ozone
treatment.

Tjandraatmadja et al. [55] have demonstrated the ability of
certain biofilm components to absorb UV radiation in specific
ranges. A biofilm can protect the substrate by attenuating UV
penetration. For example, an exopolysaccharide matrix absorbs
between 240 and 280 nm. Consequently, a change in wavelength
influences the penetration of UV radiation and impacts the ef-
fectiveness of treatments [56].

4 | Conclusions

We demonstrated the efficiency of UV photobleaching pretreat-
ment to reduce the luminescence background encountered in
Raman spectroscopy of plastics. Five different treatments were
performed to optimize the protocol and study the influence of
various parameters (irradiance, humidity, wavelength, time).
All of them can be easily reproduced without any costly and
complex UV illumination system, which appears extremely
promising in the field of plastic pollution where the presence of
pigments and surface contaminants such as biofilm usually pre-
vents identification though Raman spectroscopy. Our protocol
proved its efficiency in reducing the luminescence background
regardless of its origin, allowing a chemical identification in
conditions where it was not possible with the pristine samples.
Nevertheless, we would like to emphasize that the experimen-
tal parameters reported here are specific to our samples. The
efficient use of the UV photobleaching requires optimization
of the process (dry or humid, UVA or UVC irradiation, illumi-
nation time) and strongly depends on the history and nature
of the plastic sample. In the case of luminescence caused by
pigments, we observed that the UV wavelength was the key
parameter, independently of the presence of humidity in the
chamber. In opposition, when a biofilm was present on the sur-
face, humidity was necessary to achieve chemical identification
of the plastic. The influence of these multiple parameters high-
lights the complex photochemical reactions that occur during
the UV photobleaching process even if the method proved ef-
fective. Understanding those mechanisms will require further
dedicated studies.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Infrared spectra of the
(a) green and (b) blue untreated bottle caps. Beige and purple framed
bands correspond to polyethylene and impurities. Figure S2: Infrared
spectra of green bottle caps treated with (a) UV-076 and (b) UV-083.
Beige, purple, and blue framed bands correspond to polyethylene, im-
purities, and functional groups. Figure S3: Raman imaging of (a) green
and (b) blue caps treated with UV-076 and UV-083 during 1, 2, and
3days. Figure S4: Raman spectra between 700 and 1800cm-—1 of (a,b)
green and (c,d) blue caps treated 1, 2, and 3days in (a,c) UV-night and
(b,d) humid UV conditions. Triangles, entire black stars, and red stars
correspond respectively to the attribution polyethylene, additives, and
additional bands. Figure S5: Infrared spectra of (a) green and (b) blue
caps treated 1, 2, and 3days in (a) UV-night or (b) humid UV condi-
tions. Beige, purple, and blue framed bands correspond to polyethylene,
impurities, and functional groups. Figure S6: Microscopy image of
(a) green and (b) blue caps treated with dry and humid UV during 1,
2, and 3days. Figure S7: Microscopy image of (a) green and (b) blue
caps treated with UV ozone during 1, 2, and 3days. Figure S8: Raman
spectra around (a) 1300 cm—1 and (b) 3000 cm—1. (c) Microscopy image
of white recovered caps exposed to UV-night treatment. Figure S9:
Raman spectra around (a) 1300cm—1 and (b) 3000cm—1 of white re-
covered caps exposed to UV ozone process. (e) Microscopy image of
the region of interest. Table S1: With infrared vibrational mode iden-
tification for polyethylene. Table S2: With infrared vibrational mode
evolution of functional groups during the UV-night and humid UV
treatments of green caps. Table S3: With infrared vibrational mode
evolution of functional groups during the UV-night and humid UV
treatments of blue caps.
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