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ARTICLE INFO ABSTRACT
Keywords: Interest in airborne microplastics has surged in the past decade, and a range of complementary tools are now
Airborne fibres used to characterize the different polymer found in samples. Most surveys, however, focus almost exclusively on

Cellulose fibres
Microplastics
OPLS-DA

Indoor environment
Outdoor environment

synthetic fragments and fibres, overlooking the cellulosic fraction that often dominates particle counts. In this
study, we measured the concentration of airborne particles in a range of indoor and outdoor settings and
including densely populated areas, industrial zones, insular locations and natural reserve areas. We quantified
both number- and mass-based concentrations of microplastics (MPs) and cellulosic fibres (CFs), with the latter
outnumbering MPs by at least one order of magnitude. The average plastic-particle load was 0.024 MP/m®
(0.007-0.043 MP/m?®), whereas no MPs were detected in the natural reserve. MPs consisted mainly of poly-
ethylene, acrylic and polypropylene, while polyester fibres predominated indoors. Because cellulosic materials
can be either natural debris or anthropogenic fibres, we applied an advanced chemometric workflow, discrim-
inant analysis coupled with Hotelling distances on mid-IR spectra, to distinguish cotton/linen textiles and re-
generated cellulose (viscose, modal, Tencel) from plants, cutting ambiguous assignments by more than half.
Roughly 50 % of all CFs were thus traced to textile sources. These results underline the importance of including
CFs in airborne-plastic assessments and demonstrate that robust, yet widely accessible, u-FTIR chemometric
methods can deliver the resolution needed for accurate exposure and risk evaluations.

1. Introduction developed countries, 52.1 million tons of plastic waste are mismanaged
annually, polluting the environment (Cottom et al., 2024). Global con-

Over 400 million tons of plastic are produced annually, with an cerns about plastic pollution have surged in recent years, but plastic
average growth rate of over 2 % per year in the past decade debris have been documented in the environment for decades

(PlasticsEurope, 2023). Despite slower production growth in some (Gilindogdu et al., 2024; Napper and Thompson, 2020). Synthetic
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polymers often co-occur with semi-synthetic materials like textile fibres,
sharing similar characteristics and risks. Anthropogenic fibres, including
plastics and processed materials, are significant pollutants. Annually, an
estimated 200,000 to 500,000 tons of textile-derived microplastics
(MPs) enter marine ecosystems globally (European Environment
Agency, 2022).

Fibres are particularly relevant in the atmosphere, a relatively new
area of study that has received far less attention compared to the marine
environment. Due to their greater air resistance relative to their weight,
fibres experience lower settling velocities, enabling them to remain
suspended in the air for extended periods (Gonzalez-Pleiter et al., 2021;
Xiao et al., 2023). This is the main reason why fibres are the dominant
shape in outdoor and indoor air (Ageel et al., 2024; Edo et al., 2023).
This is also why the atmosphere plays a crucial role in the long-range
transport of microplastic fibres, a term that should not be confused
with "microfibres’, which has a specific technical meaning that generally
refers to fibres with a linear density of 1 dtex or less (Miraftab, 2000).

The occurrence of atmospheric microplastic fibres has been reported
in various studies worldwide (D. Luo et al., 2024; O’Brien et al., 2023;
Zhao et al., 2023). Along with synthetic polymers, some studies report a
high number of cellulosic fibres, which can be either natural (e.g., plant
remains) or anthropogenic, the latter including textile fibres (Finnegan
et al., 2022; Stanton et al., 2019). Even native cellulosic fibres, when
transformed into fabrics, undergo chemical or mechanical treatments
that often include the addition of a variety of additives, such as soft-
eners, anti-wrinkle agents, colour fixatives, flame retardants, and dyes
(Darbra et al., 2012). Furthermore, there is a category of semisynthetic
materials made from regenerated cellulose that includes Viscose (or
Rayon), Tencel (or Lyocell), and Modal (Parajuli et al., 2021).

A wide array of spectroscopic and thermo-analytical techniques is
now used to chemically identify those mentioned airborne fibres, both
natural and synthetic from diverse matrices. Most studies still rely on
optical microscopy combined with p-FTIR, a non-destructive method
supported by extensive reference libraries but limited by a diffraction-
controlled spatial resolution of ~10 pm and relatively long scan times
(Tarte et al., 2024). Throughput can be increased with Focal Plan Array
(FPA-p-FTIR), which collects hundreds of spectra per second across the
full mid-IR window (4000-650 cm’l) yet retains the same practical size
limit (~10 pm) ((Y. Liu et al., 2025; Simon et al., 2018). Other alter-
native is Laser Direct Infrared (LDIR) imaging, driven by
quantum-cascade lasers, that is a powerful method that pushes the
automated detection threshold down to ~ 5 pm and analyses entire
filters in minutes. As a negative aspect, its spectral range is restricted to
975-1800 cm ! and both equipment and available libraries are still
costly and scarce (Lopez-Rosales et al., 2025; Pagliaccia et al., 2025). On
the other hand, Raman microspectroscopy offers sub-micrometre reso-
lution and can target fibres <5 pm, although fluorescence from dyes or
ageing products often masks the signal (Azari et al., 2024). A newly
alternative is optical photothermal infrared microspectroscopy
(O-PTIR), which couples a tuneable mid-IR source with a visible probe to
deliver co-registered IR and Raman spectra at ~500 nm spatial resolu-
tion covering the whole microplastic range (Amato-Lourenco et al.,
2025; Tarafdar, Xie, Gowen, O’Higgins and Xu, 2024). The problem of
O-PTIR is it remains costly, and its spectral databases are nascent,
limiting routine adoption. Finally, in parallel, pyrolysis-GC/MS is
gaining popularity for MPs research, and this include fibres of varied
composition (Dehaut et al., 2022; Kappler et al., 2018; Nacci et al.,
2022). Despite its high molecular specificity, it requires rigorous pre-
treatment to remove matrix interferences and sacrifices size-resolved
information while demanding a minimum sample mass.

This study introduces a novel approach for assessing the chemical
nature of airborne fibres by coupling transmission p-FTIR spectroscopy
with advanced multivariate chemometric analysis. Through an exten-
sive sampling campaign that included urban and natural locations as
well as indoor and outdoor settings, we quantified both the number- and
mass-based concentrations of microplastic fibres, with particular
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emphasis on cellulosic polymers, which are ubiquitous in the atmo-
sphere yet have remained comparatively understudied. The significance
of our workflow lies in its ability to bridge the gap between cutting-edge
analytical platforms and instrumentation already available in many
laboratories. By combining conventional p-FTIR with chemometric
techniques, we demonstrate that it is possible to discriminate natural
fibres, cellulosic textiles (e.g., cotton and linen), and semisynthetic
materials derived from regenerated cellulose. Our results sheds light on
the composition of atmospheric fibres and indicates that anthropogenic
contributions may currently be underestimated.

2. Material and methods

2.1. Sampling

To capture a broad gradient of anthropogenic material, 32 sampling
sites representing diverse urban, industrial and natural settings across
mainland Spain and the geographically isolated Canary Islands were
selected. In each region, both indoor and outdoor samples were
collected.

Outdoor air sampling was conducted at four locations in the Madrid
region, including urban areas in the centre of Madrid and Alcald de
Henares, a medium-sized city in the metropolitan area of Madrid. Eight
samples were collected in Tarragona, four from the industrial area of
Vila-Seca and four from locations within the Ebro Delta natural reserve.
Additionally, eight outdoor sites were selected in the Canary Islands:
four on Tenerife, in San Cristobal de La Laguna and Santa Cruz de
Tenerife, and four on Gran Canaria, including port areas and coastal
locations in Tafira and Las Palmas de Gran Canaria. Indoor samples were
collected from public environments, including conference rooms,
classrooms, and halls in public buildings across four locations in the
Madrid region, Tenerife, and Gran Canaria. Sampling locations were
selected to represent a range of environments, including urban, peri-
urban, and natural areas. Details of sampling locations are provided in
Supplementary Material (SM, Fig. S1 and Table S1).

Field campaigns were carried out on punctual captures from
November 2023 through June 2024, scheduled only on sunny, low-wind
days to ensure stable flow and reliable operation. All samples were taken
at pedestrian height (~1 m) isolated from direct ground contact in both
indoor and outdoor environments. Only two samples collected in Madrid
were collected at rooftop level for comparison purposes. After each
sampling session, the filter holder was carefully opened and the used
filters together with their rings were transferred to clean glass Petri
dishes for subsequent laboratory processing.

Air samples were collected with an Intex® 12 V electric air-pump,
powered on-site by a portable battery. A collector adapted from a
Sartorius 16254 holder was connected to the pump. This collector, made
of stainless-steel filter holder was modified by adding two steel rings so
it could secure two 25 pm-pore stainless-steel filters (347 mm), thereby
maximizing retention and preventing the loss of long fibres (Fig. 1).
Laboratory calibration with a hot-wire anemometer confirmed a steady
airflow of approximately 90 m>/h, meaning each replicate captured 50
m® of air in roughly 30 min. Three replicates per site (150 m? in total)
were obtained using this active-sampling setup.

2.2. Contamination control

All steps realized followed extensive control measures to avoid cross
contamination. First, all sampling materials were thoroughly cleaned
prior to use, following established laboratory protocols. Filter holders,
rings, stainless-steel filters, beakers and glass Petri dishes were heated to
420 °C to eliminate any residual organic matter or volatile compounds
that could compromise analytical results and were covered with
aluminium foil until subsequent uses and/or analysis. For its part, silicon
8 um filters were not heat-treated for resistant reasons but were thor-
oughly cleaned in successive baths of absolute ethanol (99 %, Scharlau).
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Fig. 1. Sampling devices used in this work. A. Pump and filter holder assembly. B. filter arrangement. C. Indoor sampling setup. D. Outdoor sampling setup.

Membranes were individually stored in pre-heated Petri dishes and
examined under a stereomicroscope to confirm the absence of contam-
ination before use.

For each individual sample, the filter holder previously mounted and
heated was only opened for each use in order to keep it isolated. To
complement and assess any potential background contamination, each
sample included a dedicated control consisting of a Petri dish with a
filter left open but not actively collecting air. This setup, previously
validated in published studies, enabled quantification of ambient or
handling-related contamination. Results are detailed in Supplementary
Material (SM, Table S2)

Additional measures were implemented to minimize contamination
from sampling personnel. In particular, as mentioned previously, the
devices were consistently installed above ground level, with control in
place to ensure that no individuals were in proximity during operation,
as human presence could potentially bias the measurements. It was also
controlled that the team wore exclusively bright coloured cotton gar-
ments to reduce the risk of introducing plastic microfibres and alert
about cross contamination.

After confirming that microplastic counts on the control filters
remained within acceptable thresholds, these values were subtracted
from the corresponding sample data. Additional details on the experi-
mental procedure can be found elsewhere (Galvez-Blanca et al., 2024).

2.3. Analyses

Samples were transported to the laboratory and then, samples kept in
Petri dishes were washed using cleaned beakers and ultrapure water.
Preliminary tests using pilot samples led to the adoption of a three-step
washing protocol with ultrapure water applied to both the rings and the
filters. In those tests, this procedure was deemed sufficient to recover the
majority of fibres, as stereomicroscopic examination confirmed the
absence of residual fibres on the filters. However, formal validation of
the method is still required with standardized fibres. The liquid was
vacuum filtrated through 8 pm square silicone filters (Smart Mem-
branes, MakroPor). Filters were subsequently stored in glass Petri dishes
and dried at 60 °C for 24 h. Microparticles over these membranes were
observed, classified and photographed using a Leica KL300 stereo

microscope. The different typologies (fragment, fibre, film or filament)
were selected following the criteria published elsewhere (Contreras
et al., 2024). The images were analysed using the ImageJ software.
Length, width, roundness and circularity parameters were used to
discriminate between fragments and fibres as explained elsewhere
(Rosal, 2021).

The identification of particles collected on the filters was performed
using micro-Fourier Transform Infrared Spectroscopy (micro-FTIR).
Analyses were conducted in two different laboratories using iN5 and
iN10 microscopes (Thermo Scientific) respectively, both equipped with
MCT detectors. To ensure the comparability of results between both
instruments and sites, all measurements were carried out in transmission
mode, under manual operation, and following identical experimental
conditions: a spectral range of 4000-650 cm ™}, a resolution of 4 cm ™},
data spacing of 4 cm ™1, and 60 scans per sample. Polymer identification
was achieved by comparing the obtained spectra with reference data-
bases using OMNIC software, which applies Pearson correlation
(Fig. S2). A Pearson match score >65 % was taken as a positive identi-
fication. This cut-off has already been adopted by other authors as a
practical compromise that retains most true particles while keeping false
positives to a minimum in natural samples (Botterell et al., 2022; Hil-
debrandt et al., 2024; K. Liu et al., 2019).

To guarantee strict comparability, the same p-FTIR settings were
applied to a broad panel of reference textiles, including plastic and an-
imal origin polymers (acrylic, polyester, nylon and wool) but mainly
cellulose-based fibres (cotton, linen, viscose, modal, Tencel) com-
plemented by a set of plant-derived individuals. Those materials
included differences in colour and ageing. For this purpose, materials
were also exposed to environmental degradation during 1 and 3 months,
and their respectively spectra were collected. With this, library spectra
and real-sample spectra shared identical acquisition conditions
(Table S3 and SM)

Additionally, to capture finer bulk features that are not resolved in
the microscopic mode, each reference material explained before was
then examined by ATR-FTIR. Five spectra were collected per material
using a Nicolet iS20 FTIR spectrometer (Thermo Scientific) in trans-
mittance mode with 60 scans and 4 cm™! spectral resolution.
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2.4. Calculations

Particle concentrations were derived in three steps. First, every
particle visible on the entire filter was counted under the microscope to
obtain the total item load. Second, a statistically representative FTIR
subsample was analysed to determine what share of those items were
plastic versus cellulosic; the subsample size was set to keep the identi-
fication error for any polymer class below 10 %, meeting the accuracy
benchmark of (Cowger et al., 2024). Finally, the item counts for each
fibre type were normalised to the total volume of air that passed through
the sampler, yielding concentrations expressed as items per cubic metre.

Secondly, mass concentration was estimated for fibres by assuming a
cylindrical shape and using the tabulated average density of each
polymer, as shown in Table S4 (SM). For films and fragments, which
were found in much lower amounts, volume was approximated as an
ellipsoid, with the third unmeasured dimension taken as the average of
the other two. Additional details on the estimation of particle mass from
two-dimensional images are available elsewhere (Contreras et al., 2024;
Rosal, 2021).

2.5. Chemometric procedure

Infrared spectra from the particles of interest were processed using
Sartorius’ SIMCA® 18 software for multivariate data analysis. This
software tool has been specifically designed to perform multivariate
analysis, including data exploration and group discrimination. To
perform those discriminant analysis, each particle evaluated was care-
fully defined, and a complete matrix was generated, incorporating all
relevant information. This included a total of 7 qualitative variables
(environment, material, origin, colour, ageing status, replica, identifi-
cation group) and the 6949 points included in the wavelength as
quantitative variables.

2.5.1. Identification of key regions on infrared spectra

In this section, spectra obtained with ATR-FTIR was subjected to
chemometric analysis. Prior to modelling, all spectra were pre-processed
to ensure comparability. The pre-processing steps included standardi-
zation using the standard normal variate method, baseline correction
with the asymmetric least squares method, and smoothing with the
Savitzky-Golay method (7 points). The organisation of work, as shown in
Scheme 1, consisted first of an analysis of standard materials with
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) to
identify and interpret key spectral regions.

Once discriminant analysis separate groups, those are faced by per-
forming group-to-group comparisons. This software assigned scores to
different wavelength peaks, highlighting the contribution of each

Workflow for Fiber Identification

OPLS-DA
1.Standards | _ —
TR Group-to-
Group
Comparison
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spectral region. The peaks corresponding to these scores were evaluated
and quantified to determine which spectral regions were most signifi-
cant in distinguishing between the various materials.

2.5.2. Reclassification of doubtful cellulosic samples

As detailed in Section 2.3, spectra obtained with micro-FTIR, from all
sampling sites were first compared with the reference libraries and
identified using Pearson correlation (match >65 %). Later, each particle
was then classified in one of three confidence tiers: good (>65 % match),
doubtful (50-65 %), or no evidence (<50 %). Our subsequent discrim-
inant analysis focuses on the doubtful and no-evidence groups, exploring
whether multivariate chemometrics can retrieve discriminating infor-
mation that simple pairwise matching overlooks. In addition, any
spectrum from good match whose two best library hits differed by fewer
than five correlation points, indicating near-degenerate similarity, was
re-examined with the same chemometric workflow to resolve possible
misclassifications.

For every environmental particle the workflow proceeded as follows.

1. The particle of interest spectrum was appended to the reference
matrix and an individual OPLS-DA model was recalculated in SIMCA
18.

2. The Hotelling T? statistic, a multivariate distance to the model
centroid, was obtained for the particle and for each reference
spectrum.

3. Within every reference class the T2 values were standardised (TZ* =
[T2 - ul/0), thereby expressing distances as z-scores that account for
intra-class variability.

4. The particle was first assigned to the broader category natural vs.
industrial according to the class delivering the lowest normalised
distance, and then to the specific fibre type that showed the mini-
mum z-score.

2.5.3. OPLS-DA model validation

The quality and robustness of the models generated was assessed
through a structured validation approach. The OPLS-DA models were
built upon a fixed library of 42 reference spectra including 37 industrial-
textile samples (spanning diverse dyes and artificial-ageing stages) and 5
unprocessed plant-derived fibres at the natural end of the cellulose
spectrum.

To classify environmental fibres, each unknown spectrum was pro-
jected onto the same reference ser after recalibrating the OPLS-DA
model. Then classification was determined by its Hotelling’s T? dis-
tance. By using this methodology, it is ensured that every spectrum was
treated as an external validation.

Further evaluation of the model performance was conducted using

Analysis of T——
Score 3 entification of Key
B arieTS Spectral Regions

d

2. Environmental Samples

WFTIR

l

OPLS-DA

!

Hotelling T

3. Material

Distance Analysis Identification

Scheme 1. Workflow for the chemometric procedure used in fibre identification.
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multiple metrics: cumulative explained variance in the spectral (R2X
(cum)) and class (RZY(cum)) domains; cross-validated predictive ability
(Qz(cum)) and the R2Y-Q2 gap as an overfitting indicator. Additionally,
significance testing was performed through Cross Validation ANOVA
(CV-ANOVA) with a p-value threshold of <0.01, alongside permutation-
test intercepts for R%Y and Q2.

To detect potential outlier, hypothesis testing was carried out using
Hotelling’s T test (Bylesjé et al., 2006). Representative examples of this
validation procedure for selected items are shown in Table S5.

3. Results and discussion
3.1. Abundances in number and mass concentrations

The morphological analysis of our samples revealed that fibres
overwhelmingly dominated across other shapes in all locations and
environments, accounting for 96 % of the observed particles of potential
anthropogenic origin. This prevalence aligns with the fact that fibres,
whether flat or round, can undergo long-range atmospheric transport
(Xiao et al., 2023). Regarding the double filter technique used, data
showed that most of particles were retained in the external filters
(averaging 87 %). Furthermore, in all the tests performed, at least one
particle appeared in the internal filter highlighting the importance of the
double filter system to avoid underestimations. A schematic represen-
tation of the retention in the external filter is showed in Fig. S3. It was
observed that particles were mainly retained in the central part of the
filter.

For its part, films and fragments, which comprised the remaining 4
%, were detected only sporadically in both indoor and outdoor envi-
ronments, and their identification was not controversial. Therefore, the
chemometric study described below was restricted to fibres.

A total of 432 fibres were detected in Madrid, 240 in Tarragona (Vila-
Seca and Ebro Delta), 158 in Gran Canaria, and 218 in Tenerife. In
Madrid, indoor and outdoor counts were similar, although slightly
higher outdoors. In Tarragona-Ebro Delta we found the higher average
concentration (0.90 fibres/m>). In Tenerife, fibre counts reached 0.24
fibres/m® (indoor) and 0.12 fibres/m?> (outdoors), while for Gran
Canaria, the same figures were 0.80 fibres/m? (indoor) and 0.26 fibres/
m? (outdoor).

Infrared analysis of the sampled particles revealed a low diversity of
materials. Cellulose was predominant, accounting for over 90 % of the
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tested particles, all of them in fibre form. Concerning MPs, the polymers
found were polyethylene (PE), acrylic polymers (ACR), polypropylene
(PP) and polyester (PES) in that order, for outdoor samples, and while
PES represented >90 % of the MPs in indoor environments (Fig. S4 and
SM). This observation aligns with findings from other studies, where
polyester fibres have been reported to represent up to 94 % of indoor
microplastics (Vianello et al., 2019). Nevertheless, indoor environments
often show considerable variability, making direct comparisons between
studies challenging (O’Brien et al., 2023). The concentration of MPs
ranged from O to 0.04 MP/m3, with the lowest value recorded in the
natural zone of the Ebro Delta and the highest in outdoor samples from
Madrid. On average, MP concentrations were similar between outdoor
and indoor environments. Concerning cellulose fibres (CFs), the con-
centrations were typically one order of magnitude higher, ranging from
0.09 to 0.91 CFs/m°>. Similar to MPs, the average CF concentrations were
comparable between indoor and outdoor samples (Fig. 2).

Fibre size displayed significant differences between indoor and
outdoor samples. The equivalent diameter of fibres in indoor environ-
ments ranged from 13.8 to 398.4 pm, with an average of 84.4 + 47.5 pm
compared to 20.1-593.1 pm and an average of 116.4 + 78.1 pm from
outdoor fibres (Fig. S5 and SM). Due to the broad size distribution these
differences were not statistically significant (p-value 0.198, Man-
n—Whitney U test). It is interesting to note that, although fibres captured
in external filters were significantly longer (353 pm) than those in in-
ternal filters (319 pm) with a p-value of 0.002 in the Mann-Whitney U
test, the data still showed that some long fibres passed through to the
internal filter.

An important factor that determines the environmental fate of
airborne particles is the aerodynamic diameter, that is defined as that of
the sphere with unit (or reference) density settling with the same ve-
locity as the particle. For the case of fibres, the aerodynamic diameter is
closely related to the physical diameter (Rosal, 2021). Our results
showed that the physical diameters of fibres sampled in indoor envi-
ronments, average 28.3 pm (8.6-89.3 pm range) was significatively
(p-value <0.01), Mann—Whitney U test) smaller than those from out-
door samples, average 42.0 pm (9.1-318 pm range). The smaller size of
indoor fibres is associated with longer suspension times and a poten-
tially increased risk of inhalation in indoor environments (J. Liu et al.,
2022). The sizes described here are clearly compatible with the presence
of these fibres in PM;( analyses, although they are slightly larger than
those in PMys, where they would only be present in a degraded

1.00
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060 r
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CFs/m?
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0.10 ¢
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Fig. 2. Concentrations of MPs (A) and cellulose fibres (CFs) measured in indoor and outdoor environments. Environment-specific average values are included for

reference with their corresponding standard deviation.
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condition. According to the average figures estimated by the European
Environment Agency in its 2024 report, these materials could be
contributing to PM;q levels that are currently exceeding the recom-
mended 50 pg/m® threshold in various locations, including those
sampled (European Environment Agency, 2024) and that can be con-
sulted in the supplementary material (SM, Table S6). This evidence also
underscores the significance of fibre size in assessing environmental
exposure and potential health impacts.

Based on the geometric characterization of the particles and their
corresponding densities, we estimated an average mass concentration of
MPs of 19 ng/m® in outdoor samples and 8.3 ng/m® in indoor samples,
which primarily consisted of fibres, as previously noted. The mass
concentrations of CFs were 197 ng/m® and 149 ng/m? in indoor and
outdoor environments, respectively. Interestingly, although the number
concentrations were similar in indoor and outdoor samples (as shown in
Fig. 2), mass concentrations were considerably higher outdoors due to
the larger size of fibres recovered from those samples. Converting par-
ticle numbers into mass can be controversial. Techniques such as
pyrolysis-gas chromatography-mass spectrometry have been used for
this purpose but pose significant challenges, as recently discussed
(Rauert et al., 2025). Alternatively, geometric calculations have proven
capable of providing accurate estimates of plastic particle mass con-
centrations from two-dimensional images. Although individual de-
viations may occur, they often cancel each other out, resulting in total
errors below 5 %, particularly in samples with a low proportion of
platelike particles, where the loss of thickness information can otherwise
lead to larger inaccuracies (Barchiesi et al., 2023; Contreras et al., 2024).
To the best of our knowledge, this is the first time the mass concentration
of airborne MPs and CFs has been reported in atmospheric samples using
geometric calculations.

Fibre colour can offer valuable insights into their potential origins.
Bright and distinctive colours, such as blue, red, or pink, are rare in
natural environments, making them reliable indicators of artificial
sources, as demonstrated in previous studies (Finnegan et al., 2022;
Galvez-Blanca et al., 2024). In this study, over 70 %, and in some cases
up to 90 %, of the fibres in both indoor and outdoor samples across all
locations were transparent or white (Table S7 and SM).

The predominance of clear fibres aligns with findings in the litera-
ture, which report a significant presence of transparent or white fibres in
various environments, sometimes attributed to bleaching processes
during pretreatment (Zhang et al, 2020). The prevalence of
clear-coloured fibres complicates their traceability, making it chal-
lenging to distinguish between artificial and natural origins. Generally,
fibres with obvious non-natural colours can be associated with
human-made sources. However, assuming that clear fibres are primarily
of natural origin may underestimate their potential risks, as chemical
oxidation, UV exposure, and other processes can alter fibre colour,
potentially increasing the proportion of uncoloured fibres (H. Luo et al.,
2020).

Tables S8 and S9 (see SM) present the results of a selection of recent
studies focused on the presence of MPs in outdoor and indoor air in
which the presence of cellulose is occasionally acknowledged. For rea-
sons of consistency, the selection is limited to studies that used spec-
troscopic techniques, specifically micro-FTIR or micro-Raman, for
characterization. In general, studies that do not employ spectroscopic
characterization tend to report higher concentration values, reaching
hundreds of MPs/m? (Liao et al., 2021; Sarathana and Winijkul, 2023;
Zhu et al., 2021). The data reported in the literature indicates higher
concentrations in indoor environments compared to outdoor environ-
ments, with values typically ranging from zero to a few units per cubic
meter, except for some outliers. The observed variability may be
attributed to local factors and the use of subsamples, which are some-
times very small and contain only a few occurrences, limiting the
representativeness of the resulting statistical parameters (Abbasi et al.,
2023; Dris et al., 2017). A source of variability, which might explain the
observed variability, is the volume of air filtered as higher abundances
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and greater variation coefficients are associated to sampling volumes
below 5 m® (K. Liu et al., 2019). As shown in Tables S8 and S9, most
results indicate a high proportion of fibres, sometimes accounting for the
entire set of anthropogenic particles reported. While many studies
overlooked natural and CFs, in cases where they were included, cellulose
and semi-synthetic cellulose made up as much as two-thirds of the total
particle count. Similar to it, our results concluded that cellulose in
samples is at least 10 times more abundant than MPs.

3.2. Chemometric study of cellulose materials

In this study, we used mid-infrared spectroscopy to determine the
nature of CFs, which can originate from either natural or anthropogenic
sources. First, we used ATR-FTIR to analyse standard materials, as it is a
robust technique employed in most databases for identification pur-
poses. The chemometric analysis started by data screening using prin-
cipal component analysis (PCA) using the whole infrared spectra. This
demonstrated that natural plants (e.g., hair-like structures on leaves or
stems) exhibited distinctive characteristics compared to the anthropo-
genic fibres (Fig. S6 and SM). As shown in Fig. S7 (SM), cotton and linen
fabrics formed a cluster due to their comparable characteristics based on
infrared spectra, closely aligning with paper and cellulose. However, the
manufactured materials viscose, Tencel, and modal formed separate
clusters. Specifically, viscose and Tencel exhibited close similarities to
one another, while modal was closer to them than to cotton and linen
(Figs. S7 and S8, SM).

To gain a better understanding of the differences between remains
from natural plants and textiles using mid-infrared data, a discriminant
analysis was performed, revealing specific structural patterns. Contri-
bution plots from the OPLS-DA analysis, comparing the two groups,
were examined to identify the variables responsible for their differen-
tiation. These plots highlight key variables that fall outside the 3 stan-
dard deviation range, ensuring a robust analysis. The chemometric
analysis identified three key spectral regions consistently highlighted
across all analyses: 3700-3100 em™!, 3010-2800 cm™ !, and the 1850-
650 cm™! range, commonly identified as fingerprint region. The dif-
ferences between plant-derived fibres and textile-based cellulose were
revealed primarily attributed to a reduced set of functional groups as
shown in Fig. 3A. Textile fibres (e.g., textile cotton) displayed charac-
teristic cellulose absorption bands (3760-3460 cm~! and 3280 cm™!
corresponding to hydroxyl groups and 1290-760 cm™" for C-O bonds),
whereas natural plant fibres presented additional signatures corre-
sponding to hemicellulose and lignin (3210-2490 cm ! for carboxylic/
hydroxyl groups and 1690-1300 em ™! for C=0 and C=C bonds (Chung
et al., 2004; Yang et al., 2007). Further differences emerged between
textile cotton and chemically modified cellulose (e.g., viscose) as shown
in Fig. 3B. Cotton natural cellulose exhibited O-H stretching (3560-3460
em™Y), C-H vibrations from glycosidic structures (~2890 cm™!), and
distinct C-O/C-O-C signals (~1070 and 1020 em ™) (X. Livetal., 2021),
whereas viscose showed broader O-H stretching features with reduced
crystallinity (3795-3575 em™Y) (Lin-Vien et al., 1991), carbonyl groups
(~1730 cm’l, and esterified or etherified C-O-C vibrations (1450,
1220-820 cm™1) (Wu et al., 2014).

Finally, our analysis showed that it was possible to differentiate in-
dustrial CFs as shown in Fig. 4. Cotton fibres exhibited stronger O-H and
C-H stretching linked to higher crystallinity, while modal, viscose, and
Tencel showed broader O-H bands, carbonyl peaks, and altered C-O
vibrations, indicating those arising from lower crystallinity and the
chemical modifications introduced during regeneration (Carrillo et al.,
2004).

3.3. Using Hotelling distance to characterize ambiguous spectra
The application of FTIR has demonstrated its capability to distin-

guish differences among different cellulose-based materials. However,
conventional correlations (Pearson or Spearman) typically yield similar
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match percentages when applied to real world samples making it
impossible to differentiate among the different cellulose-based mate-
rials. This is typical for very similar materials, as the mentioned corre-
lations are inherently limited in capturing subtle differences among
spectra. With this rationale, we performed a chemometric approach
using discriminant analysis and Hotelling’s T? distances to assess the
differences among the spectra of CFs. This approach benefits from the
structured use of all spectral information in discriminant analysis and
Hotelling’s distances enabling a more comprehensive evaluation of
differences between materials even outside from normality (Kariya,
1981). By considering both variance and covariance within the data
Hotelling’s distances provide a robust metric for distinguishing between
polymer types (Modarres, 2024). This method not only resolves ambi-
guities left by Pearson correlation but also ensures a more reliable and
accurate differentiation of polymeric fibres in exercises of multiple
variables and observations (IR spectrum peaks) (Haoran et al., 2020).
The integration of statistical thresholds, such as Hotelling’s T? critical
values at the 95 % and 99 % confidence levels, improve classification
accuracy by identifying samples that surpass these limits, while also
uncovering subtle structural or compositional variations, providing a
dependable framework for confidently identifying and categorizing
complex materials.

For the application of Hotelling’s T? tests, each particle spectrum was
compared against a set of representative standard spectra for the

materials under investigation. When performing OPLS-DA, the software
identifies differences and classifies samples, accordingly, generating
representative models within a multivariate framework. The clusters
obtained can be visualized in Figures S6, S7 and S8 (Supplementary
Material), which are different from PCA that simply explain data. In
contrast, discriminant analysis, which uses statistical models to account
for multidimensional variability, allowed particles to be accurately
classified into specific categories. Hotelling’s distances have been inte-
grated into this process to further refine classification by quantifying the
degree of similarity between individual particles and the standard ma-
terials. Specifically, this metric calculates how far an observation lies
from the centre of the discriminant model (George et al., 2009), making
it particularly effective for distinguishing materials with small spectral
differences, such as cotton, Tencel, modal, and viscose. Hotelling’s T2
distances were calculated for the particle of interest and for various
examples of each standard material in relation to the constructed model
as shown in Fig. 5.

The distances for each material type were averaged (since multiple
fabrics or tissues were evaluated using FTIR) and then compared with
the particle of interest so that the most similar material could be iden-
tified. This process allows for improved matching that considers all the
structural features in mid infrared spectra. Our results demonstrate that
combining discriminant analysis with Hotelling’s distances significantly
enhanced the identification of cellulosic materials. This approach
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reduced the number of samples with insufficient evidence for clear
classification, allowing for a more precise characterization of certain
regenerated celluloses. The improvement is shown in Fig. 6, where the
proportion of spectra classified as 'undefined’ significantly dropped
after applying Hotelling’s analysis.

The improvement is clear in the Ebro Delta natural reserve for which
inconclusive spectra (using Pearson correlation) dropped from 33 % to
4.2 % when most cellulose fibres could be identified as vegetal materials
such as plant remains (Fig. 6C). In all samples, the method facilitated
better identification of regenerated cellulose and enhanced the distinc-
tion between textile cotton and linen. After recalculating the undefined
fraction of our samples, this study revealed that, in urban environments,
regenerated cellulose accounted for 8 %-25 % of airborne CFs,
depending on whether the samples were collected indoors or outdoors.
Furthermore, more than 70 % of the identified celluloses, including
cotton and linen, appeared to have undergone various treatments, with
approximately 35 % of these materials being artificially modified or
processed (modal, Tencel, and viscose). This suggests that processed
textile products are also prevalent and actively circulate in the
atmosphere.

The results of this study emphasize the importance of closely moni-
toring textiles and fabrics to assess exposure to anthropogenic fibres, a
critical step for conducting risk assessments and mitigating their envi-
ronmental and health impacts. While much attention has been focused
on MPs, cellulose-derived materials, including regenerated cellulose,
also raise concerns due to their processing methods and the additives
used in their formulation. CFs, although derived from natural cellulose,
undergo industrial processing that introduces additives and solvents
with potential environmental and health consequences. These materials
act not only as respirable particles but also as carriers of leachable
chemicals, contributing to pollution and possible human exposure.

Although regenerated celluloses are derived from natural sources
such as wood pulp, he chemical treatments it undergoes can make it a
potential pollutant. Common textile additives include cationic softeners,
reactive dyes, phosphorus-based flame retardants like TCPP, and bio-
cides such as triclosan (Emam, 2019; Limpiteeprakan et al., 2016; Sal-
meia et al., 2016; Wedin et al., 2018). The production of viscose involves
carbon disulfide (CS;) and may release hydrogen sulphide (H3S)
(Robertson, 2000), which poses occupational health risks and has been
linked to higher rates of chronic bronchitis among rayon workers
compared to cotton-mill employees (Gondhalekar et al., 2022; Majum-
dar et al., 2022; Tan et al., 2002). Additionally, Tencel fibres are pro-
cessed using N-methylmorpholine N-oxide, another chemical with
potential environmental implications (Ciechanska et al., 2009).

Residual compounds from these processes can leach into water sys-
tems through washing and degradation, impacting aquatic ecosystems
and human health. Moreover, regenerated cellulose fibres can remain
airborne, raising concerns about inhalation exposure. Studies indicate
that cellulose nano- and micro-fibres (0.1-5 pm in diameter) provoke
persistent granulomatous inflammation in rat lungs, highlighting a
combined physical and chemical hazard (Fujita et al., 2021). Like MPs,
CFs can reach respiratory tissues, trigger inflammation, and transport
contaminants or microorganisms (Baeza-Martinez et al., 2022). There-
fore, it is needed to assess both fibre load and additive release potential
to fully understand the environmental and health risks of these
compounds.

3.4. Future prospective

An obvious next step is to extend the atmospheric picture with cross-
matrix sampling. Quantifying the same fibre classes in local soils, surface
waters and bed sediments would allow mass-balance estimates and
reveal whether the air compartment is a transient sink or a major
redistribution pathway. Parallel datasets could also clarify whether pe-
riods of high atmospheric loading translate into measurable deposition
pulses on land or in receiving waters. Equally important is the
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standardisation of cellulosic and mixed-composition microfibres. At
present, no certified reference materials in micro and nano size exist for
this typology, hampering interlaboratory comparisons and biasing
calibration curves towards synthetic polymers. Developing well-
characterised Standard Reference Materials (SRM), covering pristine,
dyed and weathered states would normalise extraction yields. Finally,
this chemometric workflow should be stress-tested against spectra ob-
tained with emerging high-throughput platforms such as LDIR, FPA-
p-FTIR and O-PTIR. Benchmarking the model performance across these
technologies will indicate how transferable the discriminant rules are
and whether instrument-specific retraining is required before routine
implementation.

4. Conclusions

Our data show that cellulose-based fibres, not plastic fragments,
constitute the bulk of the respirable aerosol. Indoors they contribute an
order of magnitude more mass than conventional microplastics (179 ng/
m® vs 14 ng/m®), indicating that current PM metrics and MPs in-
ventories systematically undervalue a major anthropogenic
contaminant.

Indoor fibres are markedly thinner, remain airborne longer, and
therefore have a higher probability of reaching the deep lung. This
finding highlights the need to assess domestic and occupational expo-
sure to cellulosic fibres alongside the better-studied plastic particles.

Coupling transmission p-FTIR with OPLS-DA and Hotelling distances
reduced the “ambiguous” category by ~40 % compared with direct
spectral matching, and successfully distinguished cotton/linen from
regenerated cellulose (viscose, Tencel, modal) without relying on dyes
or chemical markers.

The results underscore the urgency of developing certified reference
materials specifically for cellulosic microfibres and of expanding in-
dustrial spectral libraries; without these tools, inter-laboratory compa-
rability will remain limited.

By revealing that a substantial share of the “invisible” fibre load
originates from textiles rather than natural sources, our study paves the
way for including “anthropogenic cellulosic fibres™ as a distinct category
in air-quality surveillance and health-impact evaluations.
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