Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 21 2025. Downloaded on 10/16/2025 6:24:13 AM.

(cc)

Environmental
Science
Processes & Impacts

W) Check for updates ‘

Cite this: Environ. Sci.: Processes
Impacts, 2025, 27, 2329

Marta Doval-Mifarro,
and Javier Bayo

I ROYAL SOCIETY
PPN OF CHEMISTRY

Characterization of commercial eco-glitters
derived from modified regenerated cellulose after
laboratory exposure in two aquatic mediaf

* Antonio Lopez-Vivancos, Joaquin Lopez-Castellanos

Due to their size and composition, glitter particles can be classified as primary microplastics. Their
widespread use in crafts and textiles often leads to uncontrolled release into the environment, with most
particles eventually reaching seawater. The European Union recently banned certain microplastics,

including glitter for specific uses. Recent developments in eco-friendly glitters, primarily based on

modified regenerated cellulose, claim biodegradability in aquatic environments. In this study, we
assessed the degradation of commercial biodegradable glitter in purified water and seawater under
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laboratory conditions over 96 days, as well as the acute toxicity of their leachates on Aliivibrio fischeri.

Although no toxicological effects were observed, the glitter particles retained their shape, and their
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chemical changes were minimal, evidencing that complete biodegradation was far from occurring,
thereby posing a potential risk to higher species.

Glitter particles—classified as primary microplastics—pose an environmental risk due to their widespread use and uncontrolled release. The European Union

has banned certain microplastics, including conventional glitter, because of their harmful effects on organisms. In response, eco-glitters, typically made from
modified regenerated cellulose and certified as biodegradable in an aqueous medium inoculated from activated sludge, have emerged. However, their

biodegradability under natural seawater conditions remains uncertain since their microbial abundance in activated sludge differs significantly. In this paper, we
assess the behavior of two commercial eco-glitters exposed to purified water and seawater for 96 days. Despite surface changes in color and gloss, the glitters

retained their shape and size, suggesting that they may continue to adversely affect the environment.

1. Introduction

Conventional glitters are typically composed of petroleum-
based monomers, with polyethylene terephthalate (PET) being
the most prevalent." The core material is then coated with
a layer of aluminum, iron, titanium, or bismuth to achieve their
final sparkly appearance, which is further covered by a trans-
parent layer of plastic material, commonly polyethylene (PE),
polymethyl methacrylate (PMMA), or PET.? Since glitter particle
sizes are usually <5 mm, they can be classified as primary
microplastics.® The effects of microplastics on health are an
area of ongoing research; however, it is widely recognized that
microplastics can be ingested by organisms and can accumu-
late, leading to inflammation and immune reactions, DNA
damage, oxidative stress, and neurotoxic and metabolic effects,
among others.*
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Microplastics have been detected in aquatic, terrestrial, and
atmospheric environments and they are considered ubiquitous
pollutants, as they have been found even in remote areas far
from human activity.>® In the scientific literature, microplastics
are typically classified as films, fibers, or fragments, resulting in
limited specific detection of glitter in the environment, as it is
often grouped with films. It is striking that only a few studies
describe hexagonal fragments found in the environment, sug-
gesting the presence of glitter,”” considering its extensive use in
the textile, cosmetic, and arts and crafts industries.’® Indeed,
several authors have argued that glitter has been overlooked as
a source of microplastics in the environment, despite its
potentially significant role in shaping the dynamics of micro-
plastic pollution from source to sink."*> Lusher et al. (2017)
expanded the classification of microplastics based on their
shapes, establishing glitter as a new category.'® Recent studies
have followed this classification’*® and have begun to pay
specific attention to glitter particles. These shiny particles have
been found in estuaries," river flows,'” riverbeds,'® wastewater
treatment plant sludge,'>'® and street dust.”® Recently, several
authors have highlighted the environmental relevance of glitter,
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emphasizing that, as primary microplastics, they may pose
a greater risk than microbeads.* Due to their high mobility and
durability, glitter particles can reach virtually any environ-
mental compartment. Moreover, their large surface-to-volume
ratio facilitates biofilm formation, which increases the likeli-
hood of trophic transfer into food webs.*

Research on the ecotoxicity of glitter particles is limited, and
further investigation into this topic is necessary. The effects of
different types and concentrations of conventional glitter
particles on Mytilus galloprovincialis after 7 days of exposure
were assessed.” The authors found that the digestive tract of
Mytilus galloprovincialis preferably retains smaller particles,
inducing an increase in the antioxidant defense response. The
toxicity of glitter leachates on Aliivibrio fischeri, two algae
(Raphidocelis subcapitata and Phaeodactylum tricornutum),
Daphnia magna, and Paracentrotus lividus has also been
studied.” The algae were the species most susceptible to glitter
leachates. These authors also concluded that the associated
toxicity depends not only on the composition of the outer layer
of the glitter [PMMA, PE, or polyamide (PA)], the contact area, or
the colors but also on the susceptibility of the species, the
exposure time, and the medium (freshwater or seawater). The
toxic effects of PET glitter on Artemia salina in terms of
mortality, feeding behavior, hatching efficiencies, and swim-
ming competencies were recently studied.*” Significant levels of
glitter-induced toxicity in the studied aquatic ecosystem were
observed. A negative influence of non-biodegradable glitter
particles on two cyanobacterial strains was also detected. The
effects were dose-dependent, altering cell biovolume and
growth rates.”® The toxicity of PET glitters on the microalga
Desmodesmus sp as a function of glitter color** was also
assessed. Photosynthesis turned out to be partially affected due
to the shading effect of the glitter. Also, the leachates of red and
green glitters negatively impacted microalgal growth. These
authors concluded that there is a higher toxicological risk
associated with additives such as chromium, isobutanol, or
hydroxy (dimethyl)silane. The metallic coating of glitter parti-
cles has been found to reduce light penetration and increase
water reflectance, thereby interfering with underwater radiation
and limiting light availability for photosynthetic processes.*
The effects of varying concentrations of commercial glitter on
Eisenia fetida have also been investigated, highlighting its
potential to persist and accumulate in the environment.>* More
recently, significant ingestion of glitter particles by Culicidae
and Chironomidae has been reported, accompanied by frag-
mentation and preferential accumulation in specific body
regions, which may increase the risk of bioaccumulation and
trophic transfer within aquatic food webs.”

To reduce the discharge of plastic debris in the marine
environment, the European Union recently imposed new
restrictions on synthetic polymer microplastics, which encom-
pass conventional glitter, for certain applications such as arts
and crafts, toys, and clothing.*® As a result, biodegradable glitter
has gained increased attention. Typical alternatives to replace
conventional glitters can include plant-based options, such as
modified regenerated cellulose (MRC) or naturally sourced
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cellulose nanocrystals (CNCs);>** or they can have an inorganic
origin, such as natural mica or synthetic mica.

One of the few studies involving biodegradable glitter®
examined the effects of conventional glitter (PET-based), MRC-
based glitter, and natural and synthetic mica on the biodiversity
and ecosystem functioning of a lotic, sedimentary habitat
(Lemna minor and Potamopyrgus antipodarum). The authors
concluded that both conventional and alternative glitters can
have negative impacts on this environment. These authors also
expressed concern regarding certifications required to obtain
the biodegradable stamp, as tests were conducted on glitters
not in their final form but rather on the core material. Recently,
it was concluded that MRC-based glitters decreased the root
length, biomass, and chlorophyll content of L. minor;** in
contrast to other authors who observed a reduction in the
reproduction rate of Folsomia candida when exposed to PET
glitters and no detrimental effects when exposed to cellulose
nanocrystalline glitter.**

In this paper, we assess the degradation of two commercial
biodegradable glitters (pink and golden) in purified and sea
water under laboratory conditions after 96 days of exposure. We
study the degradation of the glitter particles and the potential
acute toxicity of the leachates on Alitvibrio fischeri. This study
contributes to a better understanding of the degradation and
the effects of biodegradable glitter on the environment.

2. Materials and methods

2.1. Glitter characterization

Commercial biodegradable chunky glitters (Moon™ Creations,
UK) were purchased in three colors (pink, golden and blue).
According to the manufacturer, the composition of the glitters
includes rayon (a type of modified regenerated cellulose), glyc-
erin, styrene/acrylate copolymer, water, and urea. Additionally,
it may contain varying proportions of aluminum powder
(C177000), red 7 (CI 15850 1), yellow 5 lake (CI19140 1), and blue
1 lake (CI42090 1), depending on the glitter color. The shape of
the glitters was hexagonal, and they came as a mix of two
different sizes (0.5 mm and 1 mm apothem). It should be noted
that the glitter samples tested in this study were commercially
sourced, and no information was provided by the manufacturer
regarding batch consistency or potential formulation variability
across different production lots. Furthermore, the detailed
composition of the glitters—including the relative proportions
of cellulose, styrene/acrylate copolymer, pigments, and other
additives—was not disclosed. As a result, our findings should be
interpreted with caution, as they may not be fully representative
of all glitters marketed as biodegradable or eco-friendly. Future
studies should consider testing a broader range of samples with
known and controlled compositions to improve comparability
and generalizability.

The glitter morphology was studied with a ZEISS Crossbeam
350 Field Emission Scanning Electron Microscope (FESEM)
(Carl Zeiss Microscopy, Oberkochen, Germany), and the
elemental composition of the glitter surface was characterized
by energy-dispersive spectrometry (EDS) with an Xplore 30
detector (Oxford Instruments Nanotechnology Tools Ltd, UK).

This journal is © The Royal Society of Chemistry 2025
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SEM images were used to measure the dimensions of the glitter
particles, using their longest diagonal. For this purpose, the
Ridge Detection plugin in the open-source software Image]
(National Institutes of Health, USA) was employed. The chem-
ical composition of the outer layer was further investigated by
Fourier transform infrared spectroscopy (FTIR) with a Thermo
Nicolet 5700 spectrometer (ThermoFisher Scientific, Waltham,
Massachusetts, USA). The thermal behavior of the glitters was
studied by Differential Scanning Calorimetry (DSC) with a DSC
822E (Mettler Toledo, Columbus, Ohio, USA). Glitter samples
were analyzed by FESEM, FTIR and DSC at the beginning and
end of the experiment (after 96 days).

Glitter color was measured with a colorimeter (Minolta CR-
300 series, Ramsey, NJ, USA) in the CIELAB color space.
Differences in color at the beginning and end of the experiment
were determined from the values of L (lightness), a and
b (chromatic coordinates) measured, according to eqn (1):?

AE = \J(Li = L) + (a1 — @)’ + (by — )’ (1)

where subscripts 1 and 2 indicate the beginning and end of the
experiment, respectively. To investigate how color faded in
water over time, a parallel experiment with blue glitter was
conducted, measuring the glitter color approximately every 10
days for 40 days.

2.2. Aquatic media

Experiments were conducted in type II water, from now on,
purified water, obtained from a Purelab Chorus 2 RO/DI system
(ELGA Labwater, High Wycombe, UK), and sea water collected
from the Mediterranean Sea on the southeast coast of Spain (37°
38/ 04.0” N, 0° 41’ 37.7” W). Characterization of this seawater is
provided in Table S1 in the ESI.{ The seawater was vacuum-
filtered in the laboratory using quantitative analysis paper
filters to remove any potential particles (pore size 7-9 um).

Experiments conducted in purified water provide insight
into the physicochemical degradation of materials under
abiotic aqueous conditions. In contrast, experiments using
seawater offer a more environmentally realistic scenario, where
both abiotic and potentially biotic degradation processes may
occur.

2.3. Degradation and toxicological tests

0.5037 £+ 0.0026 g of glitter (pink or golden) were placed in
a flask containing either purified water or seawater (500 mL)
(Fig. S17). Experiments were conducted in duplicate, and blank
controls for each type of water were also prepared. The flasks
were connected to an air pump (EHEIM air200, Deizisau, Ger-
many) to maintain aerobic conditions. After 96 days, the
content of each flask was filtered, and the glitter was carefully
collected and rinsed with purified water. and subsequently
dried for 4 h at 40 °C. Afterwards, it was weighed to study the
mass loss and color was measured again. Glitters were again
characterized by FESEM, FTIR and DSC.

Regarding the leachates, MICROTOX® tests with Aliivibrio
fischeri were carried out to determine acute toxicity.>* For this

This journal is © The Royal Society of Chemistry 2025
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purpose, the bacteria were exposed for 15 min to different
dilutions of the leachates (dilution factors: 0.9, 0.45, 0.225, and
0.1125) and a blank. The bioluminescence was measured
afterwards (I;5) and compared to the initial one (I,) with
a photometer (Microtox® M500, Modern Water plc, York, UK).
Lyophilized bacteria and solutions (reconstitution solution,
osmotic adjusting solution and the diluent) were purchased
from Modern Water plc (York, UK). For the determination of the
EC50, the parameter gamma (y) was calculated through eqn (2):
y= B hs) o 2)
115
where CR is the ratio between luminescence of the blank
measured at 15 min and the initial luminescence of the blank,
accounting for natural quenching. A plot of v vs. concentration
allows for the determination of EC50 (y = 1).

To further characterize the leachates, metal content was
determined by using an Agilent 7900 ICP-MS (Agilent Technol-
ogies, Inc., California, USA). Sample codification is shown in
Table 1.

Additionally, to study the loss of mass and color with time,
tests with blue glitter were carried out in 8 flasks, 4 of them
containing 250 mL of purified water, and the other 4 flasks
containing 250 mL of seawater. 0.3067 & 0.0025 g of glitter were
added to each flask. Air was pumped into the flasks to ensure
aerobic conditions. Every 10 days, one of the flasks with purified
water and one of the flasks with seawater were removed. The
content was filtered, and the collected glitter was dried at 40 °C
for 4 h. Subsequently, the glitter was weighed, and the color was
measured.

2.4. Statistical analysis

The statistical analyses were conducted using SPSS Statistics
version 26.0 (IBM, Co. Ltd, USA). The Kolmogorov-Smirnov test
was applied to evaluate whether the data followed a normal
distribution. The results were presented as mean values
accompanied by their standard error (SE). To determine
significant differences among group means, a one-way analysis
of variance (ANOVA) was performed, based on the assumptions
of normality and homogeneity of variances. Statistical signifi-
cance was considered at p-values <0.05. When the ANOVA F-test
indicated significant differences, Fisher's Least Significant
Difference (LSD) test was subsequently used as a post hoc
method to identify which specific group pairs differed from
each other.

Table 1 Codification of glitter samples

Sample Color Aquatic medium
AR1 Pink Purified water
AR2 Pink Purified water
MR1 Pink Seawater

MR2 Pink Seawater

AD1 Golden Purified water
AD2 Golden Purified water
MD1 Golden Seawater

MD2 Golden Seawater

Environ. Sci.. Processes Impacts, 2025, 27, 2329-2340 | 2331
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3. Results and discussion
3.1. Glitter degradation

Due to the nature of our experimental setup, the tests per-
formed provide information on the degradation of the glitters,
understood according to ISO 23832:2021 (ref. 35) as any irre-
versible process leading to a significant change in the structure
of a material, typically characterized by a change in properties
and/or fragmentation, affected by environmental conditions,
occurring over time, and potentially involving multiple steps.
We do not refer to biodegradation, which is a specific type of
degradation caused by biological activity, as neither oxygen
consumption nor CO, evolution has been measured. Since
disintegration—defined as the physical breakdown of a mate-
rial into smaller fragments—can sometimes result from
biodegradation processes,* we use the broader term degrada-
tion to encompass all these potential mechanisms that may
occur simultaneously.

3.1.1. Color change

3.1.1.1. Color change of golden and pink glitters. Fig. 1 allows
comparison of the change in appearance of the glitters. In
seawater, the glitters lost their characteristic shine, whereas in
purified water, the glitters retained some of their sheen, though
the color slightly faded.

The color of each sample was measured in the CIELAB color
space. Table 2 shows the values of L, a and b for the original
glitters and for each sample after 96 days of exposure in the
aquatic medium. As can be seen, the highest differences in
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Table 2 Measurements of glitter color and differences in color
between the original glitters (golden and pink) and after 96 days of
aquatic exposure

Initial

30/1/24 L A B
GOLDEN 83.65 —6.98 25.65
PINK 57.41 33.59 —0.87
Final

8/5/24 L a b AL Aa Ab AE
AD1 57.67 —4.15 16.39 —25.98 2.83 —9.26 27.73
AD2 58.03 —4.20 15.42 —25.62 2.78 —10.23 27.73
AR1 47.13 24.49 11.67 —10.28 —9.10 12.54 18.59
AR2 52.77 6.29 4.94 —4.64 —27.30 5.81 28.29
MD1 67.75 —-0.93 17.31 —15.90 6.05 —8.34 18.95
MD2 67.51 —0.40 16.95 -—-16.14 6.58 —8.70  19.48
MR1 39.50 36.72 9.38 —17.91 3.13 10.25 20.87
MR2 36.16 34.79 9.84 —21.25 1.20 10.71 23.83

color are manifested in the L value, that is, the luminosity,
which, in every case, is reduced. The overall color variation can
be estimated using AE (eqn (1)). The samples in purified water
exhibit a slightly higher average AE (25.59 + 2.34) compared to
those in seawater (average AE = 20.78 £ 1.09), although these
differences were not statistically significant (p > 0.05). As for the

Fig. 1

(a) Original golden glitter, (b) golden glitter exposed to purified water for 96 days, (c) golden glitter exposed to seawater for 96 days, (d)

original pink glitter, (e) pink glitter exposed to purified water for 96 days and (f) pink glitter exposed to seawater for 96 days.
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glitter colors, no significant differences in fading were observed
either (AE = 23.47 £ 2.46 for the golden glitter and AE = 22.90 +
2.09 for the pink glitter, p > 0.05). Interestingly, the golden
glitter replicates displayed consistent behavior, while larger
variations were noted among the pink glitter replicates.

3.1.1.2. Color change in blue glitters. Regarding the blue
glitters, the change in color with exposure time is presented in
Fig. 2. The trend of the global color change (AE), shown in
Fig. 2¢, was parabolic in both aquatic media, indicating that the
color changed throughout the entire duration of the experi-
ment. To better identify which color coordinate was changing,
Fig. 2a and b present the differences in L, a, and b of the glitter
in purified water and seawater, respectively. Once again, the L
coordinate showed the most significant change in both media,
indicating a variation in luminosity. This change reached
a maximum and then decreased again, in contrast to a and b,
which experienced changes at the beginning of the tests and
then remained constant over time. The total color difference
was significantly higher in seawater (AE = 50.83 £ 2.69) than in
purified water (AE = 35.30 + 4.63) (F-test = 8.409; p-value =
0.027).

3.1.2. Mass loss

3.1.2.1. Mass loss of golden and pink glitters. From the
beginning of the experiments, it was evident that some mass
loss had occurred, as the water in the flasks was quickly dyed
after the glitter was added. However, all the glitters retained
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their hexagonal shape and were far from being completely
degraded. The glitters were weighed before and after the
experiments, and no significant differences in mass loss were
found as a function of color or the aquatic medium (p > 0.05).
Table 3 presents the average mass loss for each type of glitter
and water. The average mass loss for the pink and golden glit-
ters was —19.10 & 0.73% and —16.29 + 1.25%, respectively. The
average mass loss in seawater and purified water, regardless of
glitter color, was —17.54 + 1.77% and —17.85 £ 0.52%,
respectively.

A comparison of the dimensions of the original and aged
glitters was conducted to determine whether the observed mass
differences were due to a reduction in size or thickness. The
distance between two opposite apexes of the glitters was
measured using Image] and FESEM images. Fisher's test for
multiple comparisons revealed no significant differences in the
lateral dimensions of the glitters, suggesting that the mass loss
is more likely attributable to a reduction in thickness rather
than in surface area (Fig. S27).

3.1.2.2. Mass loss of blue glitters. Experiments with blue
glitter were conducted to study the change in color over time
(11, 20, 29, and 39 days). The mass of the glitters was also
measured to investigate the potential correlation between mass
loss and exposure time (Fig. 3). Interestingly, the mass loss was
higher for the samples with shorter exposure times in both
aquatic media, likely due to an initial loss of soluble pigments
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Fig. 2 Differences in color between the original glitter (blue) and aged glitter at different exposure times. (a) Differences in AL, Aa and Ab in
purified water, (b) differences in AL, Aa and Ab in seawater and (c) global differences (AE).
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Table 3 Initial and final mass of the glitters and percentual mass loss

Sample Glitter Water Initial mass (g) Final mass (after 96 days) (g) Change (%)
MR1 Pink Seawater 0.5037 0.4092 —18.76
MR2 Pink Seawater 0.5042 0.3981 —21.04
MD1 Golden Seawater 0.5059 0.4165 —17.67
MD2 Golden Seawater 0.5052 0.4412 —12.67
AR1 Pink Purified 0.5035 0.4073 —-19.11
AR2 Pink Purified 0.5072 0.4185 —17.49
AD1 Golden Purified 0.4995 0.4163 —16.66
AD2 Golden Purified 0.5005 0.4096 —18.16

and additives at the beginning of the experiments followed by
some water absorption. In fact, rayon and other natural and
manmade cellulosic materials are well-known for their high-
water absorption.*® Also, glycerin, an ingredient of glitters, is
a hygroscopic substance.’” The mass loss was slightly higher in
seawater (20.05 =+ 2.56%) than in purified water (18.09 =+
1.91%), though not significant (p > 0.05). The mass loss trend
was similar in both media.

3.1.3. FESEM. FESEM images of the pink and golden glit-
ters were taken before and after the experiments (Fig. 4). The
original glitters were hexagons of two different sizes (0.5 mm
and 1 mm apothem, respectively). Their edges were not
completely clean-cut, and their surfaces were not entirely
smooth (Fig. 4a and b). Many superficial holes were present,
likely due to air bubbles trapped in the outer layer during the
coating process that were subsequently released. Surface
degradation was more evident for both glitters in seawater
(Fig. 4e and f), where many cracks were observed, mainly near
the glitter borders. In many cases, cracks went through the
marks left by the air bubbles, suggesting that these superficial
imperfections can trigger surface deterioration. Glitters in
purified water (Fig. 4c and d) showed less degradation; however,
microscopic algae were detected on the surface of both glitter
colors.
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The analysis by EDS showed the composition (as mass
percentage) of the external layer of the glitter before and after
the experiments (Table 4). Measurements were conducted in
different regions and the results were averaged. The original
glitters were mainly composed of C and O, as expected due to
the organic nature of the materials. As minor elements, the
glitters contained Na, Al, Si, S, and Cl. The pink glitter also
contained some Ca, and the amount of Cl was significantly
higher in the golden than in the pink glitter. The glitters
exposed to seawater showed some amounts of Mg and Ca,
which were likely due to residues of these elements from the
seawater. There was also a slight increase in the proportion of
Al likely due to the loss of part of the external layer, which
exposed more Al to the aquatic media. There was also a migra-
tion of part of the exposed Al to the waters, as confirmed by the
metal analysis of the lixiviates (Table S2t). Some superficial
chemical changes in the glitters were also observed in the FTIR
spectra of the original and aged glitters, which support a partial
loss of the outermost layer. These findings are discussed in
detail in Subsection 3.1.4.

The glitters soaked in purified water showed less variety of
elements on their surfaces, confirming that the presence of Mg
and Ca in the glitters in contact with seawater came indeed
from the salts dissolved in the seawater. Significant differences
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Fig. 3 Evolution of mass loss with time for the blue glitter when exposed to purified water (blue dots) and seawater (orange dots).
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Fig. 4 FESEM images of (a) original golden glitter, (b) original pink glitter, (c) golden glitter after 96 days of exposure in purified water, (d) pink
glitter after 96 days of exposure in purified water, (e) golden glitter after 96 days of exposure in seawater and (f) pink glitter after 96 days of

exposure in seawater.

in element concentrations between aged glitters and the orig-
inal ones were found by EDS for C and S (p < 0.05), and for O and
Al (p < 0.1) in golden glitters; as well as for O in pink glitters
(Fig. S37). The change in the proportion of C and O in the aged
glitters may also indicate a partial loss of the organic acrylic
layer of the glitters. The presence of S can be related to the fact
that carbon disulfide is used in the production of rayon®® and
trace amounts of sulfur may remain in the final product.*
Overall, the most remarkable changes occurred in the Al
content of the aged glitters, compared to the original ones. The
composition of C and O remained relatively stable in the aged
glitters, indicating that no major structural changes took place.

Table 4 Elemental composition of the glitters (average mass, %) and SD

3.1.4. FTIR. The FTIR spectral analysis also revealed some
superficial changes in the glitters. The spectra of the original
glitters showed overall similarity, with no significant differences
in transmittance as a function of color, except at wavenumbers
below 600 cm™*. The comparison with the spectrum of the pure
styrene/acrylate copolymer revealed that the most characteristic
bands of the copolymer were present in the glitters. For
example, there was a double peak at 2927 and 2850 cm *
(characteristic of C-H stretching), a band at 1725 cm ™" (due to
C=0O0 stretching), and a band at 700 cm™" (corresponding to
monosubstituted aromatic rings).*” This confirmed that the
external layer of the glitters was composed of the styrene/
acrylate copolymer.

(in parentheses) before and after being soaked in seawater or purified

water for 96 days obtained by EDS. (Acceleration voltage 10 kV, 5 mm (WD), magnification 100 x)

Golden Pink

Element Original Seawater Purified water Original Seawater Purified water
C 77.01 (0.14) 73.32 (0.35) 78.20 (0.50) 79.45 (1.74) 77.71 (2.12) 81.99 (2.99)
o 16.48 (0.31) 15.52 (2.27) 13.27 (1.68) 17.74 (1.90) 14.30 (0.37) 13.09 (2.09)
Na 0.35 (0.02) 0.31 (0.08) 0.34 (0.00) 0.62 (0.14)

Mg 1.06 (0.28) 0.03 (0.03) 1.19 (0.11)

Al 1.78 (0.02) 3.38 (0.80) 4.32 (1.37) 1.27 (0.07) 2.65 (0.50) 3.98 (4.67)
Si 0.31 (0.01) 0.57 (0.13) 0.42 (0.14) 0.28 (0.02) 0.57 (0.17) 0.46 (0.19)
S 0.51 (0.01) 0.28 (0.07) 0.31 (0.04) 0.57 (0.04) 0.55 (0.35) 0.32 (0.23)
cl 3.58 (0.42) 4.64 (0.18) 2.35 (0.88) 0.08 (0.01) 1.00 (0.44)

Ca 0.96 (0.36) 0.28 (0.02) 1.42 (0.80) 0.05 (0.11)

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 FTIR spectra of the original glitters and after 96 days of exposure in purified water and seawater for (a) golden glitter and (b) pink glitter.

After exposure to aquatic media, both types of glitters
showed an increased absorption band in the 3300-3500 cm ™"
region (*), which was indicative of hydroxyl groups and
hydrogen bonds, as shown in Fig. 5. This increase could result
either from water absorption or from greater exposure of other
components -such as glycerin or rayon-that are rich in hydroxyl
groups. In the pink glitters, other characteristic rayon bands did
not appear in the spectra, suggesting that the rayon remained
covered by the other layers. For instance, the rayon broad band
at 1060 cm ', shown in Fig. $4 in the ESI file, T indicative of C-O
stretching,** was absent, which challenges the hypothesis of
rayon exposure. Although the aged golden glitters exhibited
a new broad band at approximately 1029 cm™"' (**), which is
also indicative of C-O stretching, the absence of other charac-
teristic absorption bands of rayon precludes the confirmation of
partial exposure of the rayon core. For instance, the diagnostic
band at 895-900 cm ' associated with (-(1—4)-glycosidic
linkages** is present in the rayon spectrum but absent in the
aged glitter samples.

Additionally, three notable spectral differences appeared at
around 1700 cm™*, 1450 cm ', and 1225 cm ™" (the latter only in
the pink glitter in seawater). The band at 1700 cm ™' (**¥)
increased in the exposed glitters, which could be attributed to
the C=0 stretching of urea present in the glitter formulation.
Another typical urea peak at 1625 cm™ ' (****) (due to N-H

Original Golden 1stscan
0 { ——AD?2 1st scan
—_——MD11stscan

Original Golden 2nd scan
——AD2 2nd scan
MD1 2nd scan

Heat flow (mW)

0 50 100 150
Temperature (°C)

200

vibrations) was small in the original glitters but became more
pronounced after exposure; this peak shifted slightly to
1556 cm ' in the pink glitter soaked in seawater (MR1).
Furthermore, a characteristic urea peak at 1453 cm™ ' (*¥**%*),
due to C-N stretching, was notably enhanced in the exposed
pink glitters (in both media) and only slightly in the golden
glitter exposed to seawater (MD1). The band at 1225 cm ™'
(¥****¥) observed in MR1 is difficult to interpret since it falls in
the fingerprint region; it may result from C-O stretching in the
styrene/acrylate copolymer or rayon, or from C-N stretching of
amine groups from urea. Meanwhile, many of the original peaks
attributed to the styrene/acrylate copolymer remain in the
spectra of the exposed glitters.

In summary, although the FTIR spectra indicated some
superficial changes, part of the outermost layer of the glitters
(styrene/acrylate copolymer) appeared to remain in the aged
samples, with no evident exposure of the rayon, which is the
core material. Some increased bands in the aged glitters may be
due to a higher exposure of urea.

3.1.5. DSC. The samples were heated twice from 25 °C to
200 °C at a heating rate of 10 °C min~* under a nitrogen flow of
50 mL min~'. DSC thermograms are shown in Fig. 6. The
original pink and golden glitters produced similar curves. The
first scan removed a certain amount of free water from both
samples. The glass transition of the styrene/acrylate copolymer

—— Original Pink 1stscan Original Pink 2nd scan
0 \ ——AR2 1st scan ——AR22nd scan

| MR1 1st scan MR1 2nd scan
-1 |

Heat flow (mW)
l

0 50 100 150 200
Temperature (°C)

Fig. 6 DSC heating curves of the original glitters and after 96 days of exposure, (a) golden glitter and (b) pink glitter.
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(~40 °C)**** was not clearly detected. A peak at around 120 °C
indicated a glass transition temperature (T,), followed by
enthalpic relaxation in all samples. A comparison between the
original (T, = 118.28 % 1.35 °C) and aged glitters revealed
a slight but consistent decrease in T, after environmental
exposure. Notably, glitters exposed to seawater (Ty = 109.53 +
0.67 °C) exhibited slightly lower T, values than those aged in
purified water (T, = 112.24 £ 0.92 °C).

This decrease is typically associated with weakened inter-
molecular interactions and increased polymer chain mobility,
potentially resulting from surface oxidation, hydrolysis, or the
leaching of plasticizers and pigments. The partial loss of
aluminum and the outermost surface layers—rich in aromatic
groups that contribute to stiffness—may have also accounted
for these changes. These thermal effects are consistent with
morphological alterations observed via FESEM, which revealed
surface roughening and microcracking, particularly in the
samples exposed to seawater. Although mechanical properties
were not directly assessed, the combined evidence suggests that
environmental exposure not only altered the chemical compo-
sition but may have also compromised the structural integrity
and mechanical stability of the glitters. Further investigations
incorporating mechanical testing could help to better quantify
these degradation effects.

3.2. Analysis of leachates

3.2.1. Elements in leachates by ICP-MS. The analysis of the
leachates with respect to their metal content revealed differ-
ences in element concentrations compared to the blanks. The
greatest changes have been highlighted in yellow (Table S27).
The concentration of aluminum (Al) increased markedly in both
purified water and seawater compared to their respective
blanks. This suggests that Al likely migrated from the reflective
layer of the glitter particles into the aqueous media. However,
a considerable amount of Al remained in the aged glitter, as
shown by the elemental analysis performed using EDS (Table 4).

Sodium (Na) concentrations also increased significantly in
the leachates from purified water. This increase may have
originated from the glitter itself, which is consistent with the
EDS analysis: Na was not detected on the surface of the glitters
after exposure to purified water, although it was present in the
original, unexposed samples. Na can also be present in ambient
air as a component of marine aerosols. It is worth noting that
during the experiments, the samples were continuously aerated
with ambient air to maintain aerobic conditions, and some Na
may have been absorbed into the water.

Molybdenum (Mo), copper (Cu), and bromine (Br) also
showed increases in the experiments conducted with purified
water, particularly in the case of the pink glitters. While Br may
be derived from marine aerosols and be absorbed into the water
from air, the other elements are more likely to originate from
the glitters, as they are commonly found in metallic salts,
pigments, and stabilizers. The low concentrations of Mo and Cu
in the leachates may indicate only trace amounts in the glitters,
even though they were not detected in the original material by
EDS. Significant differences between the concentration of these

This journal is © The Royal Society of Chemistry 2025
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elements in the leachates of the aged glitters (p < 0.05) were
found for Mo in the lixiviates of golden glitter in sea water and
for Mn in the lixiviates of pink glitter in purified water.

In contrast, the concentrations of other elements decreased.
For example, antimony (Sb) showed a slight decline in both
media, while silicon (Si) and barium (Ba) decreased notably in
distilled water but remain stable in seawater. These findings
suggest that glitter particles can act as both sources and sinks of
different elements.

3.2.2. Leachate toxicity. The acute toxicity of the leachates
after 13 and 96 days of exposure of golden and pink glitters was
evaluated using the MICROTOX® bioassay with Aliivibrio
fischeri. Under the test conditions and for the concentrations
used (Tables S3 to S127), the leachates did not exhibit observ-
able toxic effects on the bacteria. The highest gamma values
were obtained for glitters soaked in purified water, but they
remained below 0.55 even for the most concentrated solutions,
precluding the calculation of EC50 values.

Given that the leachates originated from 0.5 g of glitter
soaked in 500 mL of water, the concentration of potentially
harmful substances in the test solutions is presumed to be
significantly higher than what would be expected under typical
environmental conditions in the event of uncontrolled glitter
release. Thus, the observed absence of acute toxicity in this
model organism suggests a limited short-term ecotoxicological
risk under the specific conditions tested. This result is in line
with Piccardo et al. (2022),> who found no ecotoxicological
effects of eight conventional glitters on Aliivibrio fischeri,
although one glitter type showed moderate toxicity. However,
that study—and others—reported greater effects on different
organisms (e.g., algae), not evaluated in the present work.
Moreover, the MICROTOX® bioassay fails to detect sublethal,
genotoxic, endocrine-disrupting, or chronic effects that may
impact organisms at other trophic levels. Therefore, the results
obtained should be interpreted strictly within the context of
acute bacterial toxicity. Future studies should aim to incorpo-
rate complementary bioassays involving multiple trophic levels
and more sensitive endpoints to provide a more comprehensive
ecotoxicological assessment.

It is also important to note that only inorganic elements in
the leachates were analyzed (via ICP-MS), and no chemical
characterization of potential organic additives (e.g., pigments,
plasticizers, and surfactants) was performed. Consequently,
while the tested leachates did not exhibit toxicity for Aliivibrio
fischeri, a complete assessment of chemical safety would require
further analysis. Ecotoxicological conclusions should thus be
considered preliminary.

Our experiments, which lasted a little over three months,
revealed that the so-called bioglitters did not undergo rapid
degradation in seawater. While glitters progressively lost their
color and shine, the leachates remained non-toxic to Alitvibrio
fischeri under the tested conditions. Nevertheless, other studies
have documented adverse effects of MRC glitter leachates on
different species, such as reduced root length in Lemna minor
after 14 and 36 days of exposure.*"**

Previous studies have also shown that materials marketed as
sustainable can still release harmful substances or degrade
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slowly under environmental conditions.”” In line with these
findings, Zanini et al. (2024) highlighted that biodegradable
glitter—often presented as an eco-friendly alternative—may
exhibit similar or even greater toxic effects compared to
conventional plastic-based glitter, due in part to the leaching of
coatings, dyes, and additives during degradation.® The authors
emphasize the current lack of standardized testing protocols to
accurately assess biodegradability and ecotoxicity, particularly
in aquatic environments where glitter pollution is most preva-
lent. Thus, to improve the robustness of biodegradability
assessments and environmental safety evaluations, regulatory
frameworks should incorporate multi-trophic ecotoxicity
testing involving bacteria, primary producers, and inverte-
brates, alongside more environmentally realistic conditions
such as long-term exposure in natural waters or sediments.
Implementing these comprehensive and ecologically relevant
approaches would help align testing protocols with actual
environmental dynamics, thereby enhancing the reliability of
eco-labels and supporting truly sustainable product
development.

4. Conclusions

Exposure of commercial biodegradable glitter to purified water
and seawater for over three months revealed fading colors
(especially a decrease in luminosity) and loss of shine, partic-
ularly in glitters exposed to seawater. The average mass loss of
the glitters was close to 18%, potentially due to the dissolution
of part of the outermost coating (styrene/acrylate copolymer)
and the loss of aluminum and pigments from the next layer.
Tests with blue glitters showed that, after a relatively quick
initial mass loss, a progressive gain in mass occurred over time,
possibly due to water absorption.

FESEM images indicated that degradation was more
pronounced in seawater than in purified water, and that the
mass loss was associated with a reduction in thickness rather
than in lateral dimensions. EDS analysis of the glitter surface
composition showed that the mass percentage of aluminum in
aged glitters was higher than in the original glitters, likely due
to increased exposure of the aluminum layer after the partial
loss of the styrene/acrylate coating.

FTIR and DSC analyses also showed some changes in the
glitters. FTIR indicated that the styrene/acrylate copolymer is
still present in aged glitters but may have locally disappeared
exposing other components of the glitters such as the metallic
layer, urea, or glycerin. DSC revealed a slight decrease in the
glass transition temperature of the aged glitters. Finally, the
leachates did not show acute toxicity for Aliivibrio fischeri,
although further tests on other species are necessary to confirm
the safety of both the glitters and their leachates.

Despite the observed superficial changes, the glitters
retained their hexagonal shape and were far from being
completely degraded by the end of our tests (96 days), sug-
gesting that these materials may pose long-term physical and/or
chemical risks to aquatic organisms that ingest them. Many
eco-friendly glitters are certified as biodegradable according to
standard ISO 14851,* which involves inoculating an aqueous
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medium with activated sludge. These conditions differ signifi-
cantly from a real marine environment, where microorganism
concentrations are much lower. Given that most glitter waste
ends up in our seas and oceans, it is crucial to develop and
certify new glitter formulations under conditions that simulate
the marine environment. Future research should aim to char-
acterize degradation products—particularly organic
compounds—and to assess their potential toxicity to a broader
range of marine species, thereby enabling a more comprehen-
sive evaluation of the environmental impact of eco-friendly
glitters.
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