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This study investigates the application of ultraviolet C (UVC) radiation to extend the lifetime of healthcare items
containing polypropylene (PP), particularly personal protective equipment (PPE). The main objectives involve
assessing possible PP damage from UVC exposure and detecting UVC treatment within PP samples. FTIR spec-
troscopy and Raman spectroscopy reveal slight degradation in UVC-irradiated PP samples, demonstrating
resilience post-treatment. Investigations using commercial thermoluminescence dosimeters (TLD-100, TLD-200,
TLD-400 and GR-200) positioned under varying thicknesses of PP (0.20 and 0.80 mm) identify TLD-100 as a

promising UVC detector. Conversely, TLD-200 and TLD-400 do not prove to be effective detectors, exhibiting
similar behavior to the dosimeters without a plastic sample. And GR-200 does not possess the capability to
differentiate between ionizing and non-ionizing components of UVC radiation. This research emphasizes the role
of UVC to prolong the lifetime of healthcare items containing PP, thus aiding in efforts to reduce plastic pollution.

1. Introduction

Healthcare materials, such us personal protective equipment (PPE)
items, are considered essential worldwide, particularly in reaction to the
current COVID-19 (SARS-CoV-2) pandemic [1-6]. Despite its crucial
role in preventing infections, the extensive utilization of single-use PPE
materials significantly contributes to annual biomedical waste, leading
to unintended environmental impacts during widespread use and
disposal [1,4,5,7]. This challenge necessitates comprehensive research
into the life cycle of PPE items to inform sustainable practices in design,
production, reuse and waste management.

The extensive global production of various PPE items, including face
masks, hazard suits, gowns and gloves, among others [1-3,5], has used
cost-effective polymers such as polypropylene (PP) [3,8,9]. Unfortu-
nately, the subsequent widespread use and inadequate disposal prac-
tices, have transformed these essential protective items into an
unprecedented source of plastic contamination, especially within
aquatic ecosystems [1,3,10,11]. Furthermore, the degradation of PPE
items under environmental conditions (i.e. exposure to sea waves and
sunlight) has been reported, resulting in the generation of microplastics
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(MPs), which are described as fragments smaller than 5 mm [1,2,11].
These MPs pose an important ecological threat as they become available
to diverse marine organisms, inducing toxic effects that can permeate
through the marine food chain [1-3,11]. Moreover, plastic materials has
demonstrated the capacity to release toxic chemical additives and serve
as a carrier for contaminants, thereby intensifying the overall environ-
mental impact [1,11]. This intricate alteration of plastic materials
within aquatic environments underscore the urgency for effective life
cycle management, with a specific emphasis on the reuse of these ma-
terials, underscoring the broader implications for marine ecosystems [2,
11].

In this situation, several disinfection technologies have been sug-
gested for the reutilization of these PPE items [4,7,12]. For example,
responding to critical shortages of disposable N95 masks amidst the
COVID-19 pandemic, the Centers for Disease Control and Prevention
(CDC) have issued guidelines encompassing three distinct procedures
aimed at decontaminating and reusing masks: ultraviolet C radiation
(UVC), moist heat and vaporous hydrogen peroxide [13]. Specifically,
UVC germicidal light, within the wavelength range of 100—280 nm,
induces RNA and DNA disruption, leading to the formation of
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pyrimidine dimers and thereby inactivating viruses and various micro-
organisms [7]. Several studies have demonstrated that applying UVC
dosages from 0.5 to 1.8 J-cm ™2 results in over 99.9 % inactivation for
numerous influenza coronaviruses and viruses [14,15]. Furthermore,
UVC radiation has the potential to alter chemo-physical attributes of
polymers, which can encompass: (i) a decrease in mechanical strength
caused by chain scission and photo-oxidation process that disrupts
chemical bonds; (ii) radical formation may cause initiation of degrada-
tion and/or polymerization reactions; (iii) functional groups could
emerge within the polymer structure, leading to alterations in physical
and chemical characteristics; (iv) colorants or pigments in the polymer
may disintegrate, causing a yellowing process and/or bleaching effect; (v)
optical properties may vary, affecting reflectance or transmittance fea-
tures; and/or (vi) fatigue resistance may be reduced, heightening the
chance of breakage or malfunction when subjected to repeated loads [6,
16]. Moreover, it is fundamental to address at least two key consider-
ations when employing UVC radiation for sterilization purposes in the
recycling of PPE materials: (1) evaluating the potential damage that PP
materials may incur due to UVC radiation exposure and (2) identifying
the existence of UVC radiation using thermoluminescence dosimeters
(TLDs) positioned under PP materials. To address these considerations,
Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy
and thermoluminescence (TL) stand as appropriate techniques for their
determination [6].

Thus, FTIR and Raman spectroscopy might serve as invaluable tools
for understanding the molecular and structural properties of PP, a
commonly used polymer in PPE items especially in face masks [1,3,10,
17,18]. Examining the intrinsic vibrations of functional groups within
the crystalline lattice of the polymer using FTIR could provide insights
into microscopic deformations and potential conformational changes in
PP materials. Providing a comprehensive insight into molecular-level
structural properties, this non-invasive method eliminates the neces-
sity for any form of physical or chemical sample pretreatment. Addi-
tionally, FTIR ensures a thorough evaluation of the composition and
robustness of PP materials, confirming their suitability for essential
applications [1,3,17-19]. Furthermore, Raman spectroscopy provides
insights into the rotational and vibrational energy levels of molecules,
making it an equally important complement to FTIR. This technique
could prove beneficial in exploring crystallinity, stress and molecular
arrangement within PP materials, thereby providing insights into their
suitability for reuse. Raman spectroscopy, being highly precise and
non-destructive, serves as a technique for evaluating chemo-physical
properties of PP materials [10,19].

Despite the numerous advantages demonstrated by UVC radiation,
there exists no established method to definitively determine whether a
material, especially PP materials used in PPE items, has undergone
irradiation. The lack of understanding regarding the interactions be-
tween UVC light and complex surfaces is notable, highlighting the ur-
gent necessity for additional research. The intricacies of UVC
disinfection technologies for decontaminating these materials present a
unique challenge, exacerbated by the limited pre-COVID data on UV
disinfection for PPE items. Earlier studies lacked current relevance,
employed non-standardized methods, and required updates to align
with the demands of the pandemic. The emergency reuse of PPE items
during supply chain disruptions prompted an upsurge in investigations
assessing the efficacy of UV disinfection for these materials. In spite of
the recent introduction of surface-UV exposure products, regulatory
guidelines from the National Institute of Standards and Technology
(NIST) and U.S. Food and Drug Administration (FDA) remain in their
preliminary stages, leaving a void in guidance for best practices in
establishing masks disinfection processes [12,20].

This demanded methodology could be grounded in the identification
of materials exposed to UV irradiation through discernible alterations in
their chemical, physical and biological properties [6,21-23]. Thus, TL
might emerge as an exceptionally accurate, appropriate, economical and
effective approach for this objective. This technique operates based on
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the release of photons from a solid dielectric material (insulator or
semiconductor), after being exposed to radiation (non-ionizing or
ionizing) from natural or artificial sources. Throughout the thermal
analysis, the TL signal is captured by a photomultiplier tube and sub-
sequently registered based on temperature or wavelength variations.
The TL curve or glow curve, produced as a result, showcases characteristic
luminescent patterns in both shape and intensity, with a direct corre-
lation to the rate of heating and UV dosage [24]. This technique holds
considerable potential for identifying UV exposure in reusable materials,
ensuring compliance with established safety and quality standards. In
addition, several detectors and dosimeters with the capacity to detect
and record UVC radiation are available. These devices encompass
electronic instruments and synthetic dosimeters with varied composi-
tions, such us, LiF: Ti, Mg (TLD-100), CaFy: Dy (TLD-200), CaFy: Mn
(TLD-400) and LiF: Mg, Cu, P (GR-200), among others [23]. For this
reason, TL techniques and other methodologies enable the determina-
tion of their structures, typomorphic features, compositions, and genic
characteristics. These methods attribute various luminescent emissions
to surface, structural, intrinsic and extrinsic defects.

This research aims to evaluate the UVC-TL responses of commercial
TLDs positioned under PP samples (0.20 and 0.80 mm) of varying
thicknesses. Additionally, FTIR and Raman spectroscopy were utilized
to characterize PP samples and explore possible structural and chemical
changes caused by exposure of UVC radiation. This study not only ad-
dresses the technical feasibility of using UVC radiation to extend the
lifespan of PP-based PPE items, but also situates this approach within the
larger framework of environmental sustainability efforts. By demon-
strating the potential for UVC treatment to prolong the usability of PPE
materials, it highlights a viable strategy for mitigating the environ-
mental impact of healthcare-related plastic waste. This approach aligns
with global efforts to transition towards more sustainable waste man-
agement practices, offering a dual benefit of enhancing infection control
measures while concurrently reducing the volume of plastic waste
generated by healthcare facilities. Thus, these findings contribute to a
growing body of knowledge that seeks practical solutions for the dual
challenges of public health protection and environmental conservation.

2. Materials and methods

This investigation involved the analysis of two PP samples with
varying thicknesses, denoted as 0.20 mm (PP 1) and 0.80 mm (PP 2).
ATR-FTIR and Raman spectroscopy techniques were employed for the
structural and chemical characterization of the materials. PP samples
were cleaned using a 70:30 ratio solution of isopropyl alcohol and water,
followed by rinsing with distilled water and drying to remove any
remaining moisture. Infrared absorption spectra were obtained at room
temperature (RT) within 4000 to 400 cm? utilizing a Spectrum FT-IR-
4100 spectrometer. Raman spectra were conducted employing a Thermo
Fisher DRX Raman microscope, providing a spatial resolution of 1 um at
RT. The experimental setup was controlled using Spectra Manager®
software from JASCO (Japan), with a spectral resolution set at 4 cm L.
The confocal microscope employed a 20x objective, and the laser source
emitted light at a wavelength of 532 nm with a laser power of 6 mW,
operating at full capacity. A spectral resolution of 1.92 cm™' was
attained as Raman spectra were recorded in the range of 3500 to 70
em™!. Following data acquisition for both FTIR and Raman spectro-
scopic techniques, post-measurement processing was conducted,
including baseline correction and noise reduction.

Using an automated irradiator developed at CIEMAT [25], the UVC
radiation was carried out for one hour at RT. This device facilitated a
lamp of TUV-6 W Hg emanating light at 254.7 nm for UV illumination.
The UV irradiance level at a distance of 10 cm was measured at 0.03
W-m~2, PP samples were stored in a black bag protected from light
before and after exposure to UVC irradiation. These storage conditions
were upheld in a controlled environment, ensuring regulated tempera-
ture and humidity levels. Commercial dosimeters, namely LiF: Ti, Mg
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(TLD-100), CaFo: Dy (TLD-200) and CaFs: Mn (TLD-400) were provided
by Harshaw Chemical Company (USA), with dimensions of 0.32 x 0.32
x 0.09 cm® and, LiF: Mg, Cu, P (GR-200) discs from Beijing Shiying
Radiation Detector Works (China), measuring 4.5 @ 0.8 mms, were
placed under PP samples to assess radiation penetration through the
plastic during an irradiation treatment. Following exposure to a high
temperature of 400 + 1 °C for one hour in an electrical oven, the TLDs
underwent annealing to eliminate any stored information. An auto-
mated Risg TL reader model TL DA-12, furnished with an EMI 9635 QA
photomultiplier, was utilized to analyze the TL properties of these de-
tectors [26]. For emission analysis, a FIBOO2-blue filter with a peak
wavelength range of 320 — 480 nm (FWHM of 80 + 16 nm and trans-
mittance of 60 %) was employed. The TL reader was equipped with a
905 / 9y source emitting radiation at a dose rate of 0.011 Gy-s !,
calibrated using a photon source containing **’Cs in a secondary stan-
dard laboratory [27]. To ensure reliable measurements, all TL readings
were conducted with a linear heating rate of 5 °C-s™}, spanning from RT
up to 400 °C, within a No atmosphere. Background signals originating
from incandescence and detector noise were removed from the TL data
subsequent to a second TL readout of the dosimeters, aimed at their
determination.

3. Results and discussion
3.1. Investigating possible PP degradation: insights from FTIR analysis

The possible degradation of PP samples due to UVC radiation was
carried out in films of 0.20 and 0.80 thicknesses. This variable could
potentially have an influence on the effectiveness of UVC irradiation on
this polymer, emphasizing the importance of measuring its impact on
preserving sterility and material integrity. PP is a versatile thermoplastic
polymer created from the monomer propylene, a hydrocarbon with the
chemical formula (C3Hg), and synthesized via chain-growth polymeri-
zation. This process generates long chains, as illustrated in Fig. la:

UVC radiation has the potential to initiate a photo-oxidative degra-
dation mechanism in PP material, as depicted in Fig. 1b. This process
involves an initial decomposition reaction wherein alkyl radicals are

H
|
(|:—CHZ
CH, .
H
| [1] ° L)
—T—CHZ— — —T—CHZ— + H
CH, hv CH,
radical
L]
0—o0
2 |
[2] —C—CH,— +
0, \
CH,
peroxy radical
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generated from polymer macromolecules, resulting in the fragmentation
of PP chains through mechanisms such as C-H scissions (refer to reaction
[1] of Fig. 1b). Subsequently, a propagation step ensues, generating free
radicals, including peroxy (—O0-0°) and hydroperoxide radicals
(—0O—O0H), which might decompose, yielding alkoxy radicals. These
radicals can either extract hydrogen from the polymeric backbone or
experience B-scission (refer to reaction [2] of Fig. 1b). The termination
step leads to the degradation of the polymer matrix due to the formation
of diverse carbonyl species (refer to reaction [3] of Fig. 1b). This
degradation could result in a reduction in molecular weight, thereby
compromising the mechanical and tensile properties of the PP material
[29-31].

The extensive investigation into the photo-degradation and photo-
oxidative degradation processes of PP material is evident in numerous
studies [30-32]. The process of photo-degradation can take place even in
the absence of oxygen, leading to either cross-linking or chain breaking,
and also in an oxygen-rich environment, resulting in photo-oxidative
degradation. UV radiation, in conjunction with various catalysts either
alone or in combination, can induce this process, often accelerated at
elevated temperatures. Additionally, exposure of PP material to UV ra-
diation in an aerated environment induces photo-degradation, causing
effects such as yellowing, bleaching, gradual embrittlement, cross-linking
and chain scission due to oxidation [29,32]. The yellow discoloration
resulting from PP aging, especially when exposed to outdoors condi-
tions, is an important adverse effect [29]. This process may involve the
generation of hydroperoxide (—O—OH) and peroxy (—O—0°) radicals,
leading to the disintegration of an allyl radical (C3Hs °) and resulting in
the subsequent formation of carbonyl compounds (C=0) [28,29,31,32].

Offering valuable insights into the molecular alterations within the
plastic material, FTIR spectroscopy enables the elucidation of the
emergence of new chemical bonds and functional groups among the
photo-oxidative degradation of PP samples. To achieve this objective, an
analysis of ATR-FTIR spectra was conducted from 4000 to 400 cm ™.
The standard procedure was adhered to, with transmission (in %)
plotted in relation to wavenumber (in cm ). Thus, non-irradiated PP
samples were compared with those exposed to 1-hour UVC irradiation,
as presented in Fig. 2 (a and b). The identified ATR-FTIR bands are

H O—OH
\ .
—C—CH— —%» —C—CH— 4 —C—CH,— B
CH, CH, CH,
hydroperoxy radical

OH o}
| | [3] .
—C—CH— + —C—CH,— «——— —C—CH,— + OH
CH, CHs
non radical products p-scission

Fig. 1. (A) Polypropylene (C3Hg), molecular structure, composed of repeating units formed through the polymerization of propylene. And (B) photo-oxidative
degradation of polypropylene characterized by radical processes denoted as [1]-initiation, [2]-propagation and [3]-termination steps (Figure adapted from [28,29]).
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Fig. 2. ATR-FTIR spectra (1% column) and normalized ATR-FTIR spectra (2"¢ column) of polypropylene samples. The 1% line represents PP 1 (0.20 mm), while the
2% Jine corresponds to PP 2 (0.80 mm). The spectra depict both unexposed and UVC-exposed conditions. Adjustments have been made to the signal of the UVC-

exposed PP samples to avoid spectral overlapping.

detailed in Table 1, while the response, normalized and displayed in
Fig. 2 (C and D), unveils potential disparities in the signal after the UVC
exposure.

The current infrared absorption spectrum clearly shows the distinc-
tive ATR-FTIR peaks, as presented in Fig. 2 (a and b). These peaks offer
valuable information about the bonding strength within the polymer, as
further explained. It is important to recognize that while the ATR-FTIR
spectra suggest the impact on various bonds in the sample is nearly
negligible, other research has suggested that these changes in bond

Table 1

Vibrational modes associated with observed ATR-FTIR bands in polypropylene
materials. Where, b: backbone; &: bending; v: stretching; p: rocking; : wagging;
sym.: symmetric and asym.: asymmetric.

Wavenumber (cm™?) Vibrational modes

2950 vCHj3 asym.

2916 VCH; asym.

2865 VvCHj sym.

2836 vCHjy sym.

1453 8CHj3 asym. and 8CHy

1374 8CHj3 sym., ®CH3, 8CH and vC—C,
1358 8CH3 sym. and 5CH

1167 vC—Cp, pCH3 and 5CH

997 pCH3, 5CH and @CHy

972 pCH3 and vC—Cy,

897 pCH3, pCH, and 5CH

840 pCHg, vC—Cp, vC-CH3 and pCHj3
808 pCH,, vC—Cp, vVC-CH3 and pCHj3

458 wCHy

strength become increasingly noticeable with extended periods of irra-
diation [33].

Hence, the ATR-FTIR spectrum of the PP samples, as depicted Fig. 2
(a and b), exhibits discernible peaks at characteristic wavenumbers,
each associated with particular molecular vibrations: (i) firstly, peaks at
2950 and 2916 cm ™! can be ascribed to vCHj asym. and vCH, asym.
vibrations, respectively; (ii) secondly, peaks at 2865 and 2836 cm™!
could correspond to vCHy sym. vibrations. Additionally, (iii) peaks are
observed at 1453, 1374 and 1358 cm ! could be linked to different 5CHs
asym., d8CHp, 8CH3 sym., ®CHy, 6CH and vC—Cy, vibrations. Further-
more, (iv) peak at 1167 cm ™! could be attributed with vC—Cp, pCH;s and
8CH vibrations. Moving forward, (v) peak at 997 cm~! could be related
to pCHs, 8CH and wCH, vibrations. Subsequently, (vi) peak at 972 cm ™!
could be indicative of pCH3 and vC—Cy, vibrations. Moreover, (vii) peak
at 897 cm ! could be linked to pCH3, pCH, and 5CH vibrations. Finally,
(viii) peaks at 840 and 808 cm™? correspond to pCHs, vC—Cp, VC-CHj3
and pCHs vibrations, while (ix) peak at 458 cm ! could be due to ®wCH,
vibrations [1,3,17,34-38].

The normalized ATR-FTIR spectra of both unexposed (Fig. 2¢) and
UVC-exposed PP samples (Fig. 2d), exhibited negligible variances of less
than 7 % (PP 1) and 4 % (PP 2) in transmittance relative compared to the
average value following UVC treatment. Signifying their resistance to
further degradation, this finding highlights the robustness of the bands
in PP ATR-FTIR spectra under UVC radiation. However, to assess the
photo-oxidative degradation process, the focus lies on two regions within
the infrared spectrum, specifically pertaining to the stretching vibra-
tions of hydroxyl (O-H) and carbonyl (C=0) groups. The intensity of
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these groups could increase upon the exposure time and this behavior
serves as an indicator of the material degradation [30]. Thus, the
possible alterations observed in the ATR-FTIR spectra of PP samples
upon exposure to UVC irradiation include:

(i) In the hydroxyl (O-H) region, the broad band ranging from 3500
to 3000 cm ™! comprises the vO-H vibrations of alcohols and
hydroperoxides. A minor contribution from the O-H absorption
of carboxylic acids is present due to the photo-oxidative degrada-
tion process [3,30].

(ii) Possible breakage of C-H bonds within the polymer chain leads to
alterations in the intensity and position of vCHs asym., vCHa
asym. and vCHy sym. bands typically located in the 2960—2800
em ™! region [34,35,37].

(iii) Within the carbonyl (C=0) region, which peaks at 1780—1480
em ™}, the band configuration suggests the presence of multiple
functional groups, including the carbonyl group of carboxylic
acids in a dimeric state, carbonyl groups of esters, or the carbonyl
vibration of carboxylic acids associated with hydroxyl groups
and/or the formation of y-lactones [28,30]. These changes could
result from the photo-oxidative degradation of polymer chains.

(iv) Bands associated with 8C-H vibrations in the 1460—1000 cm !

region may undergo changes due to UVC irradiation and the

potential generation of new functional groups [34,35,37].

Finally, UVC radiation can impact the crystalline structure of PP

material, leading to changes in bands associated with crystalline

structure, such as those in the 730 em ! region [36].
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Upon analysis of the normalized ATR-FTIR spectra for the PP samples
in Fig. 2 (C and D), subtle alterations in the characteristic bands were
discernible, indicating minimal changes associated with a photo-oxida-
tive degradation process affecting its molecular structure (< 7 % trans-
mittance relative). To summarize, these conducted measurements
provide evidence indicating that none of the PP samples undergoes
degradation following treatment with UVC irradiation, as suggested by
these findings. The slight variations observed seem to be inherent to the
properties of PP, including its polymer molecular mass distribution,
crystalline structure, additives, among others. Additionally, these dif-
ferences might be linked to the individual histories of the samples, such
as manufacturing processes, previous environmental contact and con-
ditions for storage, rather than being solely influenced by UVC radiation.

3.2. Investigating possible PP degradation: Raman spectroscopy findings

In conjunction with ATR-FTIR analysis (Fig. 2), we have employed
Raman spectroscopy (Fig. 3) to characterize the PP samples with varying
thicknesses. This technique could act as a supplementary method to
furnish a more thorough and in-depth comprehension of potential
structural and chemical alterations in PP materials. Fig. 3 (a and b)
showcases a comparative analysis of Raman spectra for polypropylene
(PP) samples, both unexposed and subjected to 1 h of UVC radiation. The
Raman spectra were generated by plotting the intensity (in cps) in
relation to the Raman shift (in cm’l), adhering to the standard meth-
odology. These spectra unveil distinctive features indicative of the
vibrational modes associated with functional groups and molecules.
Moreover, Fig. 3 (c and d) illustrates the normalized response, offering
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Fig. 3. Raman spectra (1° column) and normalized Raman spectra (2™ column) of polypropylene samples. The 1% line represents PP 1 (0.20 mm), while the 2" line
corresponds to PP 2 (0.80 mm). The spectra depict both unexposed and UVC-exposed conditions. Adjustments have been made to the signal of the UVC- exposed PP

samples to avoid spectral overlapping.
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insights into the possible alterations post UVC treatment. The Raman
bands are detailed in Table 2. In Fig. 3 (a and b), unexposed PP materials
display distinctive bands corresponding to the vibrational modes
inherent to PP molecules [19,34,35].

Prominent bands peak at: (i) 2955, 2879 and 2838 cm‘l, linked to
vCH3 asym., vCH3 sym. and vCHj sym. vibrations; (ii) 1458 cm’l, which
correspond to 8CH3 asym. and 8CHj; vibrations; (iii) 1329 cm ™}, asso-
ciated with 5CH and tCH,, vibrations; (iv) 1152 cm™}, related to vCCp,
vC—CHs, 6CH and pCHj vibrations; (v) 972 cm’l, corresponding to
pCHj3 and vCC;y, vibrations; (vi) 841 and 808 em™ !, due to pCHa, vCCp,
vC—CHs and pCHj3 vibrations; and (vii) 398 cm’l, linked to ®CH> and
8CH vibrations [19,34,35].

An inverse relationship between the thickness of the PP samples and
the Raman signal intensity is evident from the results. Particularly
noteworthy is the increase in Raman intensity value as the sample
thickness decreases (i.e., PP 1 with a thickness of 0.20 mm), reaching
approximately 60 cps at 800 cm™}, contrasting with the PP 2 sample
with approximately 15 cps. The measured Raman signal intensity ex-
periences a decline, attributed to the occurrence of Raman shielding,
which primarily hinges on the thickness of the sample. This decrease
results from scattering and light absorption phenomena affected by the
arrangement, constitution and thickness of the sample [39]. Notably,
regardless of thickness, non-irradiated PP samples exhibit consistent
Raman bands that align with the characteristic spectrum of the PP
molecule [34,35].

However, it is essential to recognize that the position and intensity of
these Raman bands may vary based on diverse factors, such as polymer
molecular mass distribution, degree of crystallinity and/or
manufacturing production, among others [40]. For example, PP char-
acterized by a heightened crystallinity degree might display more
prominent Raman bands due to the elevated PP molecule concentration
and an elevated polymer chain configuration structural level [41]. Thus,
PP can manifest in two distinct structural forms [8,18]: (1) isotactic PP
form, where the methyl (—CHj3) groups in the monomer units align on
the polymer chain. This uniformity creates an ordered and symmetrical
structure, contributing to its relatively high crystallinity and mechanical

Table 2

Vibrational modes corresponding to the observed Raman bands in poly-
propylene materials. Where, b: backbone; 8: bending; v: stretching; p: rocking; t:
twisting; @: wagging; sym.: symmetric and asym.: asymmetric.

Wavenumber (cm ™)

Unexposed UVC-exposed Vibrational modes
PP1 PP 2 PP1 PP 2
2955 2958 2956 - vCH3 asym.
2879 2883 2878 2878 vCH3 sym.
2838 2841 2834 - vCH_ sym.
1458 1460 1459 1459 8CH3 asym. and 5CH,
1435 1435 1431 1435 8CH3 asym.
1360 1359 1359 1360 8CHj3 sym. and 5CH
1329 1329 1329 1329 8CH and tCH,
1297 - - 1297 ®CH,, 8CH and tCH,
1249 1255 1251 - 8CH, tCH, and pCH3
1220 1219 1219 1220 TCH, 8CH and vCCp,
1168 1167 1168 1165 VCCp, pCH3 and 8CH
1152 1152 1148 1152 VCCp, VC-CH3, 8CH and pCHj3
- 1101 - - vCCp, pCH3, ®CH>, TCH and 8CH
1036 1037 1038 1036 VC-CH3, VCC,, and 8CH
997 997 999 992 pCH3, 8CH and ©CHy
972 972 972 973 pCH;3 and vCCy
940 940 937 934 pCH3 and vCCyp
- 900 - 900 pCH3, pCH; and 8CH
841 840 840 840 pCH,, VCCy, VC-CH3 and pCHj3
808 808 808 808 pCHy, VCCy, vC-CH3 and pCH3
524 530 525 535 ®CHy, vC-CH; and pCH;
454 455 454 455 ®CHy
398 397 398 397 ®CH; and 3CH
314 321 314 318 ®CHy
249 249 249 253 ®CH; and 5CH
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strength. And (2) atactic PP form exhibits randomly distributed methyl
groups (—CHj3) along the polymer chain, giving rise an unordered and
amorphous structure. Therefore, in the isotactic PP form, several distinct
bands are detected within the 1350—800 cm ™! [19]. In contrast, the
spectra of the atactic PP form notably differs, characterized by broader
bands, and the disappearance of these distinct sharp bands, except for
those near 1155 cm ! and 970 cm ™! [19]. For such reason, one might
presume that both PP samples utilized in this study could showcase the
atactic PP form, resulting in an unordered and amorphous structure,
indicated by the broader Raman bands lacking distinct sharp peaks,
except for those centered at 1152 and 972 cm ™.

Additionally, environmental factors, such as temperature fluctua-
tions, sunlight and chemical treatments (i.e., pigments, additives and
antioxidants), along with exposure to UV radiation can cause variations
in the Raman spectrum of PP materials. As previously mentioned, UVC
radiation has the capacity to initiate a photo-oxidative degradation pro-
cess in PP materials, giving rise the rupture of polymer chains (specif-
ically, C-H bonds), the creation of free radicals (peroxy, hydroperoxide
and allyl radicals), following creation of carbonyl compounds (C=0),
and a reduction in the molecular mass of the polymer. Other studies
have also noted loss of flexibility and embrittlement in PP samples due to
this photo-oxidative degradation process [10]. Therefore, extensive
research is necessary to investigate these reactions, elucidate the
dispersion patterns of free radicals and examine the physicochemical
attributes of plastic samples exposed to UVC irradiation [10,28-32].

As depicted in Fig. 3 (a and b), the Raman spectra of PP samples
exposed to UVC radiation exhibit comparable patterns to those observed
in the unexposed samples. This underscores the stability of these specific
Raman bands under UVC exposure, affirming their resilience against
additional degradation, aligning with the conclusions drawn from the
ATR-FTIR analysis. Thus, the observed possible alterations in the Raman
spectra of PP samples following exposure to UVC irradiation are as
follows:

(i) Both PP samples displayed a slight reduction in the intensity of
their distinctive peaks, in line with prior research findings [10,
16].

(i) Analysis of the normalized Raman spectrum for PP 1 sample after
UVC irradiation in Fig. 3C, reveals minor changes in the
distinctive bands, indicating subtle modifications in its molecular
structure (less than < 4 %). A minor increase in Raman signal
intensity at 1460 cm™! might indicate heightened 5CHj asym.
and 8CHy vibrations [19]. Additionally, the decreased Raman
signal intensity at 1720 cm ! could be linked to the presence of a
mixture of hydroperoxide groups, where ketones absorb near
1720 cm™}, aldehydes near 1735 cm ™!, and carboxylic acids near
1710 em™* [19].

(iii) The normalized Raman spectrum for PP 2 sample (Fig. 3D) ex-
hibits minimal alteration (less than < 1 %), suggesting no
discernible evidence of polymer chain degradation under UVC
treatment.

In summary, these observations suggest that neither PP sample
exhibited degradation after UVC irradiation exposure, as indicated by
the measurements conducted. As revealed by the ATR-FTIR analysis, the
slight disparities seem inherent to the properties of the PP materials,
encompassing factors such as weight distribution, crystalline structure,
additives, and various other aspects, or may be linked to their histories,
such us previous environmental contact, conditions for storage and
manufacturing production, among others, instead of being attributed to
UVC irradiation. While these findings indicate a promising application
of UVC radiation for extending the lifespan of PP-based PPE items, there
are several practical considerations and limitations that warrant dis-
cussion. Firstly, the effectiveness of UVC treatment can vary based on
the intensity of the radiation and the duration of exposure, factors that
require careful optimization to avoid material degradation while
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ensuring disinfection efficacy. Additionally, the scalability of UVC
treatment in healthcare settings poses a challenge, given the need for
specialized equipment and safety protocols to mitigate personal expo-
sure risks. Furthermore, the long-term effects of repeated UVC treat-
ments on the structural integrity of PP materials remain to be fully
understood. These limitations highlight the need for further research to
refine UVC treatment protocols and to evaluate their feasibility and
safety in high-throughput healthcare environments.

3.3. Detecting UVC treatment in PP samples: a comparative study of the
UVC-TL emissions in commercial dosimeters

The examination of shielding PP materials from UVC radiation de-
notes a relevant endeavor aimed at accurately assessing potential radi-
ation exposure. This comparative study on UVC-TL emission, for the
purpose of detecting UVC radiation output with varying thicknesses of
PP samples, has utilized various commercial dosimeters [23]. These
include TLD-100 (LiF: Ti, Mg), TLD-200 (CaFs: Dy), TLD-400 (CaFs: Mn)
and GR-200 (LiF: Mg, Cu, P). This methodology facilitates a qualitative
differentiation between unexposed and UVC-exposed PP materials,
guaranteeing their safety and efficacy for diverse uses. Moreover,
characterization utilizing ATR-FTIR and Raman spectroscopy, as previ-
ously outlined, exhibited no discernible degradation subsequent to UVC
radiation, thus ensuring the resilience of the PP samples under the
specified experimental settings. Fig. 4 displays the TL emissions result-
ing from UVC radiation exposure of the PP samples, detected using
commercial TLDs materials. Each emission offers insights into the
intrinsic characteristics governing the interplay between UVC radiation
and these TLDs, depending on the thickness of the PP sample.

3.4. TLD-100 (LiF: Ti, Mg) TL emission study under UVC radiation

Distinct dual components of TL emissions caused by UVC radiation
from this commercial dosimeter under PP materials are evident in Fig. 4
(A and B). Initially, up to approximately 250 °C, the TL glow displays
prominent peaks at around 150 °C, 190 °C and 230 °C. These observed
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peaks are thought to originate from the ionizing component, likely as a
result of the generation of defect complexes involving Mgt vacancies
and Ti*'-OH", known as Mg-dipoles. Furthermore, they may involve
Ti**—OH /Mg?*-trimer structures and/or Mg?*dipoles [42]. Previous
research has established the existence of hydroxyl ions (OH") within the
crystalline structure of the TLD-100 material, which is composed of LiF.
This presence is indicated by the substitution of F~ ions (1.33 A) with
OH ions, which have a slightly larger ionic radius of 1.37 A. These OH™
groups demonstrate favorable reactivity with metals such as Ti** and
Mg?*ions within the TLD-100 material, potentially enhancing TL
sensitivity [43]. Subsequently, at higher temperatures beyond approxi-
mately 250 °C, TL emission corresponds to the non-ionizing part. In this
scenario, a solitary peak of TL emerges at around 300 °C, suggesting an
interaction between the TLD-100 dosimeter and the non-ionizing
component [23].

Analyzing the intensity ratios among these dual components, the
ratios observed for PP 1 (Fig. 4a) and PP 2 (Fig. 4b) are 1:3:5:5 and
1:2:5:2, respectively. Notably, in the PP 1 sample (Fig. 4a), the three
particular peaks associated with the ionizing UVC component shift to
higher temperatures, with the most significant peak centered at
approximately 230 °C. This observation may imply that the PP 1 sample
(0.20 mm thickness) selectively absorbs the non-ionizing part, permit-
ting the penetration of the ionizing component. By employing different
thicknesses of PP (0.20 and 0.80 mm) in this study, notable disparities in
the TL emissions related to the ionizing part may arise, extending to
around 250 °C. Moreover, the heightened sensitivity of the PP 1 material
(Fig. 4A) to UVC radiation is evident from the peak signal around 300 °C,
possibly attributed to the penetrability of the sample with less thickness
to the non-ionizing part. In consequence, this commercial dosimeter
shows promise as a potential detector of UVC radiation, mostly due to
the significant emission detected at around 300 °C, indicative of the non-
ionizing part. Under the present measurement conditions, the emission
stands out notably in the thinner PP 1 sample, measuring 0.20 mm in
thickness.
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Fig. 4. Comparative study of UVC-TL emissions, where: the 1% line represents the dosimeters without PP samples [23] and the
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274 and 3 lines corresponds to PP 1

(0.20 mm) and PP 2 (0.80 mm), respectively. Additionally, each column illustrates the UVC-TL spectra of commercial dosimeters.
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3.4.1. TLD-200 (CaFy: Dy) TL emission study under UVC radiation

In Fig. 4 (c and d), three distinctive constituents of TL emissions
induced by UVC radiation are seen in this dosimeter under PP materials.
Firstly, a glow emission at ~ 110 °C could imply higher sensitivity to
ionizing radiation [23]. Secondly, a TL glow emission between ~ 130 °C
to ~ 220 °C, with a peak at around 190 °C, could be due to the
non-ionizing part [23]. Conversely, the higher-temperature TL emission,
ranging from ~ 230 °C to ~ 350 °C, predominantly corresponds to the
ionizing component. These peaks might originate from structural defects
and impurities triggered by Dy*" ions (1.59 A), which are incorporated
into Ca2" locations (1.74 f\) in the crystal structure of CaF; [23].

Upon comparing the ratios of the relative intensity values among
these constituents, it is observed that for PP 1 (Fig. 4c) and PP 2 (Fig. 4d)
materials, the ratios are 2:1:5 and 2:1:4, respectively. Also, it is impor-
tant to observe that two varied thicknesses of the samples employed in
this investigation, 0.20 mm and 0.80 mm, do not lead to temperature
oscillations between ~ 130 °C to ~ 220 °C connected to the non-ionizing
part. Nonetheless, apparent disparities emerge in the ionizing part of the
UVC-TL emission that is found at ~ 280 °C. Despite the presence of this
phenomenon in both samples, the thin PP 1 sample (0.20 mm thickness)
has its ionizing component increased. The difference in results may be
ascribed to the capability of the PP materials to transmit the ionizing
component. As a result, this commercial dosimeter proves ineffective in
detecting UVC radiation, exhibiting behavior similar to the one without
a plastic sample (2:1:4) in regard to both curve configuration and the
correlation of intensities.

3.4.2. TLD-400 (CaFy: Mn) TL emission study under UVC radiation

It can be observed from the TL signal induced by UVC radiation of
this commercial dosimeter that there are two distinct groups of com-
ponents shown in Fig. 4 (E and F) under PP samples. Firstly, a large
amount of TL emission was also noticed, reaching up to approximately
200 °C, with the maximum peaking at ~ 190 °C. The more likely
explanation is that these emissions may come from the non-ionizing
part, in addition to Mn?+ impurities (1.17 f\) and defects within the
Ca?* locations (1.74 ;\) present in the crystal structure of CaFy [44].
Secondly, a broad peak centered at ~ 290 °C, could be associated with
the ionizing part of the UVC radiation. For PP 1 (Fig. 4e) and PP 2
(Fig. 4f) materials, the signal originated from the TLD-400 dosimeter
and depicted ratios of relative intensity values, specifically 1:4 and 1:3,
respectively. These ratios indicate the presence of two discernible
component groups around 190 °C and 290 °C.

Remarkably, the thickness of the samples (0.20 mm and 0.80 mm)
has minimal effect on their UVC response, as evidenced by their parallel
reaction to UVC radiation up to about 200 °C. This implies that both
samples have a similar potential for transmitting UVC light. However,
observable distinctions arise in the ionization part of the UVC-induced
TL glow peak (peaking at ~ 290 °C), which reveal an enhanced
response in the PP sample of lesser thickness (PP 1, 0.20 mm thickness),
despite its presence in both film samples. One reason for this difference
is that the PP samples may facilitate the transmission of the ionizing part
of UVC light. Hence, this commercial dosimeter can be regarded as an
unsuitable UVC detector because it exhibits similar response patterns to
those found with or without a plastic sample (1:4) but in varying in-
tensity relationships and curve shapes.

3.4.3. GR-200 (LiF: Mg, Cu, P) TL emission study under UVC radiation
The GR-200 dosimeter, represented in Fig. 4 (G and H), exhibits the
most significant peak at approximately 280 °C, which belongs to the
ionizing part of UVC radiation. Such emission can result from the
recombination of crystal defects, including color centers (H-F) and Vix—e
centres (electron traps and vacancies) [45]. The sensitivity towards the
ionizing component of UVC radiation increases with growing tempera-
tures, reaching around 280 °C, whereas a diminished TL signal is
observed for low temperatures in the range around 190 °C. The reason
described above suggests that GR-200 can be a potential dosimeter for
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detecting ionizing radiation, but its inability to differentiate between
ionizing and non-ionizing components of UVC radiation [23]. Both PP 1
(Fig. 4g) and PP 2 (Fig. 4h) samples show a similar trend, with an in-
tensity ratio of 1:7 and 1:8 respectively, for two major signals peaked at
around 190 °C and 280 °C (associated with the ionizing part).

4. Conclusions

This study investigates the application of UVC radiation to extend the
lifetime healthcare materials containing PP, particularly in PPE items.
However, implementing this approach presents significant challenges
and considerations. Factors such as, the diverse physical and chemical
properties of PP, the need for consistent UVC exposure, and the potential
impact of repeated disinfection cycles on the integrity of the materials
underline the complexity of this issue. Furthermore, the adoption of
such disinfection protocols requires stringent safety measures to miti-
gate the risks of UVC exposure to healthcare professionals and patients,
in addition to considerations for the financial and operational aspects of
deploying UVC disinfection systems. Despite these challenges, the op-
portunity to significantly reduce plastic pollution through the prolonged
use of PPE items in healthcare presents a strong rationale for further
research and development in this field.

Main objectives involved assessing possible PP damage due to UVC
exposure and detecting the presence of UVC radiation using TLDs
positioned under PP samples. Findings demonstrate that UVC radiation
penetrates PP samples irrespective of their thickness; nevertheless,
penetration effectiveness may vary, requiring meticulous assessments in
healthcare sectors. This is essential for optimizing UVC treatment pro-
tocols to efficiently prolong the lifetime of PPE items.

ATR-FTIR and Raman spectroscopy reveal no degradation in PP
samples after UVC irradiation. ATR-FTIR spectra show subtle alterations
in characteristic bands, including broadening of the O-H region, po-
tential breakage of C-H bonds impacting CH, and CH3 stretching bands,
changes in the carbonyl (C=0) region suggesting diverse functional
groups, modifications in C-H bending vibrations bands and UVC-
induced effects on crystalline structure. These changes signify minimal
impact from a photo-oxidative degradation process on molecular structure
(< 7 % for PP 1 and < 4 % for PP 2 relative transmittance). Moreover,
Raman spectra indicate resistance to further degradation, with a slight
reduction in peak intensity for both PP samples. PP 1 exhibits minor
structural changes (< 4 %) with increased CHs asymmetric bending and
CH; bending vibrations, and PP 2 shows negligible changes (< 1 %),
suggesting no apparent polymer chain degradation from UVC exposure.
Thus, observed variations might arise from intrinsic PP properties (i.e.,
polymer molecular mass distribution, crystalline structure and addi-
tives) or individual histories (i.e., manufacturing processes and previous
environmental contact), instead of being exclusively ascribed to UVC
irradiation. Consequently, PP materials exhibit resilience post-UVC
irradiation under experimental conditions. Additionally, the compara-
tive study of UVC-TL emissions offers insights into several TLDs mate-
rials employed for the detection of UVC radiation. Thus, TLD-100 could
serve as a prospective UVC detector with a signal at around 300 °C, due
to the non-ionizing part of UVC radiation. Conversely, TLD-200 and
TLD-400 do not prove to be effective detectors due to their analogous
behavior to that of each dosimeter without a plastic sample, regarding
both intensity relationships and curve shape. And the GR-200 lacks the
ability to distinguish ionizing and non-ionizing part of UVC radiation.
These observations, evident in each PP samples, but especially notice-
able in the thinner PP, emphasize the significance of sample thickness is
crucial for precise interpretation and detection.

Consistent detection of radiation in PP materials after 1-hour expo-
sure advances understanding of the role of UVC radiation in extending
the lifetime of healthcare materials containing PP. These comprehensive
insights emphasize the requirement for customized UVC treatment
protocols, adaptable to diverse PP thicknesses for ensuring the safety
and quality of recycled PPE items. Ultimately, this study showcases UVC
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radiation as a possible approach to prolong the lifetime of PP materials,
making a substantial contribution to reducing plastic pollution in
healthcare sectors.
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