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• Synthetic fabric shows limited degrada-
tion in the marine environment.

• Limited degradation due to hydropho-
bic surface dissuading strongbiofilmde-
velopment.

• Deconstruction of wood-based cellulose
fabric occurs with progressive thinning,
similar to natural leaves.

• Wood-based cellulose fabrics decon-
struct rapidly in marine environment,
showing extensive biofilm develop-
ment.

• Field, aquarium and bioreactor experi-
ments show similar degradation results.
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As global production of textiles rapidly grows, there is urgency to understand the persistence of fabrics in thema-
rine environment, particularly from the microfibers they shed during wearing and washing. Here, we show that
fabrics containing polyester (one of the most common plastics) remained relatively intact (viz., with a limited
biofilm) after >200 days in seawater off the Scripps Oceanography pier (La Jolla, CA), in contrast to wood-
based cellulose fabrics that fell apart within 30 days. We also show similar results under experimental aquaria
(in open circuit with the pier waters) as well as bioreactor settings (in close circuit, using microbial inoculum
from the North Sea, off Belgium), using nonwoven fabrics and individual fibers, respectively. The fact that fibers
released from synthetic textiles remain persistent and non-biodegradable despite their small (invisible) size,
highlights concern for the growing industry that uses polyester from recycled plastics to make clothing.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
. This is an open access article under
1. Introduction

Plastic pollution has dominated social media feeds with powerful
images in recent years, and their impact on the marine environment
has become a center of research and public engagement (Rochman
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and Hoellein, 2020; SAPEA, 2019). The increase in the production of
plastic is overwhelming theworld's ability tomanage it when discarded
as waste (Borrelle et al., 2020; Payne et al., 2019). Plastic has become
ubiquitous and integrated in all aspects of everyday life including the
food industry, consumer products, transportation, and health care, de-
spite recognized negative impacts on the environment, and possibly
human health (Naidoo et al., 2020). As a result of this overconsumption,
an estimated 4.8–12.7 million metric tons of plastic waste enters the
marine environment every year mainly due to mismanaged waste
(Jambeck et al., 2015).

Plastics are simultaneously attractive and problematic. They are at-
tractive due to many unique qualities: they are inexpensive, light-
weight, strong, durable, corrosion resistant, and show high thermal
and electrical insulation properties. For most plastics, their durability
is disproportionate to the amount of time they are used, particularly in
the case of single-use plastics. This durability, however, is ultimately
what makes plastics problematic: the apparent lack of, or very slow de-
gradability that allows them to accumulate in the environment leading
to lasting impacts on the surrounding ecosystem due to their overabun-
dance. As a result, a large effort has been to recycle plastic waste that, if
not from landfills, is collected directly from the environment (Ronkay
et al., 2021). This allows not only to clean the ecosystem, but also to
making less of new plastic from the rawmaterial. This effort is possible
because plastic items as we often see in social media (e.g., bottles,
straws, cups, wipes, nets, ropes or bags) will often take anywhere
from decades to centuries to fully degrade (thus giving time to collect
the plastics from any remote place on Earth), which depends on various
physicochemical properties of the plastic (Chamas et al., 2020; Ward
and Reddy, 2020; Zhu et al., 2020).

Eventually though, plastics show increasing signs of degradation
when exposed to UV radiation, oxygen, heat, moisture, and biological
activity. Plastics then undergo processes of fragmentation or decon-
struction (see Glossary) into smaller pieces known as microplastics
(MP; 1 μm–5mm) (Andrady, 2017), ormicrofibers (MF; thin, elongated
MPs with a high length to width ratio) when the source material is tex-
tiles (Cesa et al., 2017) or the every-day wipes that people increasingly
use these days for sanitary purposes (for personal hygiene but also for
cleaning surfaces). However, the process and timing of deconstruction
and the ability to undergo biodegradation remains poorly investigated
overall, which leads tomismanagement and politicization of plastic pro-
duction and usage as well as recycling strategies (Nielsen et al., 2020).
This might be related to the fact that fragmentation, deconstruction
and degradation are often concepts that aremistakenwith one another.
Fragmentation and deconstruction refer to the formation or release of
smaller particles from the larger, original object. In contrast, biodegra-
dation is associated with the transformation of the original object into
molecular carbon (dominantly under the form of CO2 which can re-
enter the carbon cycle and be associated with the production of energy
and/or biomass), and may take anywhere from decades to centuries for
most types of plastic (Chamas et al., 2020; Zhu et al., 2020).

Within the last 20 years, global fiber production has doubled. Syn-
thetic textiles are responsible for the vast majority of this growth, cur-
rently encompassing 62% of the market, increased from <10% in the
mid-70s (FossilFashion, 2021). Natural and cellulosic fibers accounted
for the remaining 38% (Opperskalski et al., 2020). This pattern of growth
in the fiber market is expected to continue, leading to concerns sur-
rounding the ecosystems services that might be altered as a conse-
quence of the increased and continued released of microfibers that
might accumulate (and not degrade) in the environments. These con-
cerns are rooted in the fact that limited information is available around
the mechanisms that drive deconstruction and biodegradation of tex-
tiles and nonwoven products.

In this paper, we assess the deconstruction and subsequent biodeg-
radation of different nonwoven fabrics consisting of fibers routinely
used for clothing, orwipes for personal hygiene and surface cleaning ap-
plications. Consequently, considering the pandemic era we are in, these
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are commodities that are increasingly and more commonly found in
waste. These nonwoven fabrics include petroleum-based fabric (using
polyester as a representative material) and for comparison, wood-
based cellulose fabric (using lyocell as a representative material).
More extensive comparison of other petroleum-based fabric such as
polyethylene and polypropylene, and other wood-based cellulose fabric
such as viscose and modal, but also blend materials of synthetic fibers
and wood-based cellulose fibers as well as natural fibers, is presented
elsewhere (Royer et al., in prep).

Here, we experimentally addressed the processes of deconstruction
and biodegradation for polyester and lyocell fabrics. Our first step
assessed the deconstruction in ocean conditions directly (coastal wa-
ters), to provide a realistic dimension to our study. Secondly, to under-
stand the mechanism of deconstruction observed in the marine
environment, a controlled experimental aquaria system was utilized.
Within such system, conditions were less environmentally relevant
(less variable factors), however direct visualization of the fabric was
possible and so was it possible to quantify the fibers released from the
fabric over time. Finally, biodegradation of chopped fibers was analyzed
in a bioreactor setting to assess conversion into CO2, water, energy, and
new biomass. Hence, the three main objectives of our study were:

(1) Under real oceanic conditions, determine the deconstruction for
polyester and lyocell fabric over time.

(2) Under experimentally controlled aquaria conditions, determine
the rate by which swatches of polyester and lyocell deconstruct
and shed fibers.

(3) Under bioreactor conditions, identify whether polyester and
lyocell can biodegrade and be a food source for microbes that
transforms them back into molecular carbon.

These questions about deconstruction and biodegradation were ad-
dressed by a series of parallel experiments conducted in real sea surface
conditions, a flow through seawater aquarium system, and a seawater-
based bioreactor assay.

2. Materials and methods

2.1. Source of nonwoven materials

Fibers used here are commercially available and obtained from
Trevira (Indorama Ventures Inc. Bangkok, Thailand) for polyester
(Trevira Type 298, 1.7 dtex, 38 mm, semi dull), and from Lenzing AG
(Lenzing, Austria) for lyocell (LENZING™ Lyocell, 1.7 dtex, 38mm, non-
wovens type, dull). For both materials we requested “raw fibers”, thus
without any post-processing for advanced properties (e.g., void of any
UV protection, water repelling treatment, dyed coloration, although
some spun dyed red wood-based cellulose fabric was used to ease visu-
alization during imaging to illustrate some of our points, since white fi-
bers on white filters background were otherwise difficult to show). All
samples were carded and needle punched similarly (ca. 600 needle
punches/cm2) reaching a basis weight of 55–70 g/m2. Fabrics of both
polyester and lyocell materials were obtained and cut into 9 × 5 cm
swatches to use in the various experiments. In order to make sure the
cutting was homogeneous across samples, a standard AccuQuilt® Go!
fabric cutter was used (with the 9 × 5 cm business-card size pre-set)
and the blade cleaned using ethanol when shifting between materials.
The materials and their swatches were kept dry and hidden from light
in a drawer until experimentation.

2.2. Assessing the deconstruction of nonwovenmaterials in real sea-surface
conditions

Swatches of polyester and lyocell were placed in stainless steel pipe
cages (8.5 cm in diameter, 17 cm in length; Aeolus) covered on each end
by metal mesh (mesh size about 700 μm) to allow for water flow and
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sunlight illumination inside the cages. We performed the experiments
under various formats: with one swatch left free in the pipe cages
(N = 3), where they would bounce back and forth and crawl up ran-
domly, or sandwiched in between amesh frame sized to just slide inside
the pipe cage to keep the swatch lying flat and equally exposed to the
elements across their surface (N = 3). Experiments were also per-
formed with two to three swatches per cage, free or on different mesh
frames (N = 3 for each condition). Thus for each material we had 18
replicates (9 with free swatches, 9 with sandwiched swatches) all con-
verging to similar outcomes. These experiments staggered over time
spanning different seasons, which did not affect the outcome, as pre-
sented in more details elsewhere (Royer et al., in prep).

Cages containing the swatches were attached using cable ties to a
main rope that was floating at the sea surface with attached buoys.
The cages were aligned so that they were horizontal to the sea surface,
and thus exposed to sub-surface water flow. The floating structure
was placed offshore past the breaking wave zone, to make sure there
was sustained water flow each day. Each end of the rope was securely
attached to the hand railing of the Scripps Institution of Oceanography
(SIO) pier to make it easy to pull the system back out of the water.
The system was pulled out of the water every week to inspect the
swatches and imaged in the laboratory within 1 h to assess any sign of
deconstruction and/or macroscopic biofouling. The swatches were
gently pulled out of the cages, aligned on a clean surface and
photographed under homogeneous illumination (in a Havox® Photo
Studio Box) using a Canon 20D camera. Imaging took no more than an
hour during which the swatches were kept wet/humid with seawater.

Once (or if) a swatch had fully deconstructed from a cage, it was re-
placed by a new swatch of the same material, and the survey of swatch
integrity continued to bemonitored. This allowedmultiple replicates of
different “ages” to be run at the same time. The experiment lasted for
about 7 months, fromMarch 29, 2019 to November 15, 2019. Seawater
parameters were monitored during that time and a record of the daily
changes is available from the online SIO Pier Monitoring platform
(SCOOS, 2021; see Table S1 for a summary of these parameters).
Correlating rate of deconstruction process with any of the relevant pa-
rameters that varied significantly (temperature, wave height, wind
speed, irradiance) or not (dissolved oxygen, salinity, pH) did not lead
to any clear outcome. Any of such possible correlation between decon-
struction rate and environmental parameters was further investigated
in another study when the monitoring lasted 400+ days for a broader
range of fabrics (see Royer et al., in prep).

2.3. Assessing the deconstruction of nonwoven material under controlled
water flow in aquarium

The experiment took place in the Kaplan Experimental Aquarium fa-
cility located on SIO campus. The building is equippedwithwater tables
with open-circuit seawater circulating directly from the field, after sand
filtration. The seawater is collected about 3 m below surface at the end
of the SIO pier, filtered through a large sand filter by percolation, before
being distributed to buildings across campus. The seawater reflects the
properties from the coastal waters but contains less of themacro partic-
ulates (mainly less zoo- and phyto-plankton).

For assessing the deconstruction process of nonwoven materials,
swatches were placed in 500 mL glass jars with a lid with two in/out
control valves (Kimble®), each connected to aquarium tubing. All of
the tubing for the inflow was connected to three Rainbird® 8-way
water splitters that were mounted on a larger pipe allowing several ex-
periments to be run in parallel under similar water flow conditions. The
tubing for the outflow let the water run out freely, which was used to
collect set volumes (200 mL) of seawater once a week for the counting
offibers and/ormicrofibers (see paragraph below). Inside the jar, exper-
iments were performedwith tubing attached to the inflow valve to pro-
vide consistent directionality to the flow inside the jars. Each swatch
was sandwiched in between large-mesh (1 cm) heavy duty liner to
3

hold the swatches flat and ensure a constant and homogeneous expo-
sure towater flow. Tubingwas attached to the inflow valve and pointed
away from the swatch to avoid any preferred directionality and create a
laminar flow circulating throughout the open space of the jar. This
allowed the swatches to be photographed inside their jar and for fibers
to be collected without disruption of any on-going deconstruction
process.

The counting of (micro)fibers was performed after vacuumfiltration
of 200mLof seawater ontoGA55glassfiberfilters (Advantec®)with 0.6
μmpore size. After filtration, the filterswere set to dry flat in a Petri dish
fully covered with its lid to allow evaporation but avoid contamination
from airborne (micro)fibers. Once dried, the filters were place under a
Nikon SMZ 1500 stereomicroscope equipped with brightfield and fluo-
rescence illumination (Ex. 390 nm, long-pass emission). Filters were
imaged under 4× magnification using a Retiga 2000R color digital cam-
era (QImaging Inc.) mounted on themicroscope. Microfibers were then
counted by eye from the digital images captured in brightfield and/or
fluorescence, depending on whether the material was undyed or dyed
red, to facilitate visual inspections of the swatches. Spun dyed fibers
were provided by LenzingAG (Austria). In a nutshell, the dyeing process
was performed by adding pigments to the dope (in this case wood-
based cellulose Modal was used), right before the spinning process,
which produced red dyed fibers. Just like for the other samples, a non-
woven fabric was produced via carding of the fibers and needle
punching (600 needle punches per cm2, 60 gsm of fabric basis weight),
to allow consistency across samples. Although a systematic assessment
of the effect of dyeing on the deconstruction and biodegradation process
was not the focus here, we observe no obvious differences between un-
dyed and dyed fabric with regard to their deconstruction, which is
discussed elsewhere for a greater variety of fabrics (Royer et al., in
prep).

In order to quantify the thinning of the swatches without any addi-
tional manipulation that could alter the degradation process and affect
the fragility and integrity of the swatches, we imaged the swatches in
their experimental jars directly. Fiber optic cables with integrated LED
light sources were mounted behind the jar to provide homogeneous
lighting for back-lit imaging. To measure thinning (using light intensity
transmittance as a reverse proxy of material thickness) we adjusted the
position of a fiber optic cable so that the beam of one LED light shone
through one square of the mesh liner used to hold the swatch in place.
All images were captured under set conditions of lighting, distance,
and magnification in a small Havox® Photo Studio box put in place
right next to the experimental setup and captured using a Canon 20D
camera without the flash engaged. For thinning quantification, the dig-
ital images were processed using ImageJ for intensity of pixels within
the one selected square of the mesh liner. The counts were expressed
by the surface area that was analyzed and followed over time and
expressed relative (in %) to the first replicate measurement made
from the swatches at the onset of the experiment. The measurements
were collected from 3 different swatches and displayed as boxplots.
The experiments took place from June 23, 2020 to August 21, 2020.

2.4. Assessing the biodegradation of fibers under bioreactor conditions in
the laboratory

Fibers of polyester (PES: 1.7 dtex/38mm) and lyocell (CLY: 1.7 dtex/
38 mm) were cut into small pieces until 120 mg of fibrous product was
generated for each. Their biodegradationwas assessed in bioreactor set-
tings, following the conventional protocol ASTM D6691 “Standard Test
Method for Determining Aerobic Biodegradation of Plastic Materials in
the Marine Environment by a Defined Microbial consortium or Natural
Sea Water Inoculum” (ASTM, 2017), and ISO 14851 “Determination of
the Ultimate Aerobic Biodegradability of Plastic Materials in an Aqueous
Medium –Method, by measuring the oxygen demand in a closed respirom-
eter” (ISO, 2019). Both tests were performed by OrganicWaste Systems
(OWS®, Belgium) that has all the certifications to perform such marine
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biodegradation testing, from February 13, 2018 to March 12, 2018 for
theASTMD6691marine testing, and fromOctober 6, 2018 toNovember
16, 2018 for the ISO 14851 fresh water (aquatic) testing.

In a nutshell, the aerobic biodegradation test in seawater (ASTM
D6691) consisted of incubating a cellulose reference (added as a
powder), polyester and lyocell (the loose fibrous form obtained from
chopping)with a natural population ofmicroorganisms to assess degra-
dation over a period of up to 6 months, or until the tested material is
>90% biodegraded (which ever comes first). An amount of 60 mg of
the chopped samples was placed in separate bioreactors for polyester
and lyocell, each filled with 250 g of natural seawater (collected in the
open waters of the North Sea, off the coast of Belgium) and maintained
at 30 ± 2 °C. The test was also performed in parallel for a standard ref-
erencematerial (60mg of cellulose powder Avicel®, Sigma-Aldrich) fol-
lowing the same protocol. Microorganisms that were used for the
incubation originated from the same offshore natural seawater as the
incubation seawater. However, they were first enriched in a separate
culture flask with inorganic nutrients (0.05 g/L of NH4Cl and 0.1 g/L of
KH2PO4 in the indigenous seawater), and pre-incubated for 4 days at
30 ± 2 °C. Just before use in the tests (day 0) the microorganism
“broth” was passed through an 80 μm sieve to remove large clumps,
and an inoculum of the filtrate was placed in each of the bioreactors.
In each bioreactor, the test solution was mixed gently with magnetic
stirrers to keep the material and biomass in suspension.

Biodegradation of the materials (chopped samples of polyester or
wood-based cellulose material, or cellulose reference powder) was
monitored by indirect measurements of O2 consumption and by mea-
suring gaseous CO2 levels produced in the bioreactors. The biodegrada-
tion based on CO2 production can then be calculated as the percentage
of solid carbon of the test item which has been converted to gaseous
CO2. This well-established method allows for precise determination of
whether a material can be used by microorganisms for metabolism by
completing the full process of biodegradation, allowing carbon to go
back into the environmental carbon cycle.

The aquatic biodegradation test (ISO 14851:1999/Cor.1:2005), was
designed to determine the biodegradation of a test material under lab-
oratory conditions by a consortium of various bacteria (as found in
sludge) placed into a medium free of major organic carbon sources
(mineral medium), except for the test material. This test therefore
“forces” the microbial communities to use the test material as a carbon
source, if at all possible. To do this, 245 g ofmineral-based (carbon-free)
bacterial growthmedium, 5 g of sludge inoculum, and 25mg of testma-
terial (chopped fibrous samples of polyester and lyocell, and fibrous
powder for the cellulose reference)weremixed together. The sludge in-
oculum consisted of a mixture of active sludge from two different
wastewater treatment plants (Destelbergen and Gent, Belgium)
treating domestic and/or industrial wastewater. The sludge inoculum
used for the tests was filtered over an 80 μm sieve before decantation
and replacement of the supernatant with mineral medium. This inocu-
lum was then actively aerated for 5 h before use. The biodegradation
based on CO2 production was indicative of the percentage of solid car-
bon being converted into gaseous CO2, and therefore related to recycling
of the carbon from the test materials.

A control set of reactors also contained only 250 g of base medium
(no test material). Allylthiourea was added to all reactors at start (day
0) and past half-way (day 28) of the experiment to prevent nitrification.
A magnetic stirrer was gently activated to keep the test materials and
growing biomass into suspension throughout the test. The reactors
were incubated at a constant temperature of 21 ± 1 °C in the dark for
a period of 42 days.

Both the ASTM D6691 and ISO 14851:1999/Cor.1:2005 tests were
duplicated (N = 2) following fully independent replication guidelines
to ensure data quality. Note also that in this artificial bioassay setting a
complete (100%) biodegradation cannot technically be achieved. In-
deed, only the amount of carbon released as CO2 is being measured
and used as a proxy for biodegradation, when it is clear that a certain
4

amount of carbon from the biodegradation is also re-used by microor-
ganisms for cell growth for example, and cannot therefore be measured
as CO2. This technical limitation is common to all bioassays.

2.5. Electron microscopy imaging and fibers diameter analysis

Samples of swatches freshly collected from the field were dried in a
cracked-open Petri dish inside a protected area (fume hood or drawer).
A small piece (about 5 × 5 mm) of the sample was then cut off using a
razor blade and placed on double-sided carbon tape on SEM Stubs
(EMS®). The small samples were then exposed to regular conventional
SEM processing for viewing. The samples were first coated with gold-
palladium in a sputter coater following the manufacturer protocol
(EMS®) before being observed using a Zeiss EVO10 scanning electron
microscope. Images captured at 250× and 500× were used to measure
the diameter of fibers. Measurements were made in ImageJ, from at
least 10 images (5 per magnification) in which only fibers in focus
were measured in diameter. Only one measurement was performed
per fiber, that is until it was not possible anymore to follow the fiber
along its length (because going out of focus or getting covered by
other fibers). When biofilm was present, diameter measurement was
made from part of the fiber where the biofilm was the thinnest. N =
60 for each sample. Difference in the fiber diameter was tested for sig-
nificance using an unpaired t-test after data distribution was tested for
normality and equal variances using the Shapiro-Wilk test and Bartlett's
test.

2.6. Data analysis and processing

All raw empirical data were collected (or entered) and stored in
Excel®. The data were then visualized using Deltragraph® (v.7.0,
RedRock Software) or Photoshop® (Adobe Inc. software) for processing
pictures. Biologically relevant Gompertz-like models were used to de-
scribe the biodegradation process. We used a minimum of 50 iterations
from thenonlinear estimationmethod of Quasi-Newtonusing a variable
set of starting parameters, until reaching satisfactory fitness of the
model (as indicated by the R2 values corrected for non-linear systems),
which are all integrated functions of the software package. The
Gompertz-like equation was as follows:

D ¼ D100∗ exp −k1∗ exp −k2∗Tð Þð Þ,

where D is the degradation at a certain time T, D100 the asymptotic value
the degradation tends to reach, k1 theD100/D0 ratiowhere D0 is the low-
est degradation characteristic of the initial lag phase, and k2 the time
constant rate of the evolution process of degradation (Lavrenčič et al.,
1997; Schofield et al., 1994). Here, we used D100 as a constant value of
100% since our goalwas to identify the timeneeded to reach full biodeg-
radation. Models with best statistical fit were displayed and used to as-
sess >99.9% degradation. Exception comes for the polyester model that
had low statistical significance and predictability for due to the lack of
degradation over the short period of time at the basis of the assay/
model.

3. Results and discussion

When visually inspected after 210 days in seawater, the polyester
swatches showed no obvious changes in the overall size and/or thick-
ness of the fabric, showing more pliability and developing wrinkles
more easily, probably because the material was nonwoven (Fig. 1A).
The swatches however became homogeneously beige in color, due to
sediment and small mineral particles trapped within the material
(Fig. S1). To the naked eye, one could see a tint of green from the
swatches, which was attributed to an algal/microbial biofilm. This bio-
film however was mainly anchored and concentrated on the sediment
particles trapped within the swatches (Fig. S2). In contrast, after only



Fig. 1. A. Photographs illustrating the deconstruction of material swatches under real sea-surface conditions. Images of swatches made of polyester (left) and lyocell (right) the size of a
business card (9× 5 cm) captured at various days (up to 210days for polyester, and 28days for lyocell). B. SEM images (broad views and closeup inserts) of polyester swatches (left) at day
0 (top) and day 210 (bottom). Parallel comparisonwasmade for lyocell swatches (right) at day 0 (top) and day 28 (bottom). Scale bars were 100 μm for all broad view panels, and 20 μm
for all insert panels, except for lyocell day 0 insert (top right; 50 μm).
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28 days, thewood-based nonwoven fabric swatcheswere completely or
almost completely non-existent (Fig. 1A). In this case as well, the
swatches developed a brownish and then greenish tint (rapidly in this
case), indicative of sediment trapping and localized algal biofilm forma-
tion (Fig. S2). However, within days, the fabric would develop a biofilm
through its entire thickness, making it difficult to see individual fibers
(Fig. 1B). Consequently, the wood-based fabric swatches turned into a
large biofilm that gradually consumed its original framework of fibers,
making the swatch rapidly fall apart. The deconstruction process of
5

wood-based swatches is therefore efficient in seawater, and facilitated
by biological activity, while this is not the case for polyester swatches
(Fig. 1B).

Fragmentation, deconstruction, and degradation are initiatedmainly by
physicochemical processes. Exposure to UV radiation and oxygen can lead
to photooxidation which changes the chemical structure of polymers that
undergo degassing (Andrady, 2017; Royer et al., 2018; Zhu et al., 2020).
Mechanical abrasion can also physically break down plastic items and con-
tribute to fragmentation and deconstruction (Chubarenko et al., 2020).
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After these initial physicochemical changes, biological processes are imple-
mented from biofilms growing on the surface of the material, which facili-
tates biodegradation (Rummel et al., 2017; Shah et al., 2008). Biofilms are
usually associatedwithextensive secretionof variousextracellular enzymes
(from glycol-proteins to proteinases (Gu, 2003; Shah et al., 2008)) that can
slowly degrade the material, while simultaneously protecting the material
from additional physicochemical degradation, particularly from sunlight
(Rummel et al., 2017). Biofilms, usually associated with “marine snow”,
grow on organicmaterial and contribute to its degradation, thus contribut-
ing to the carbon cycle and indicative of natural decomposition processes
that are a major part of the ocean's carbon budget (Porter et al., 2018;
Zhao et al., 2017).

Close inspection of the ultrastructure of swatches using Scanning
Electron Microscopy (SEM) showed that after 210 days in seawater,
the polyester fabric had barely any biofilm formed around the constitu-
tive fibers of the fabric (Fig. 1B). This is likely because polyester is
strongly hydrophobic (Sinclair, 2015), which prevents biofouling. The
swatches were mostly free of large amount of biological material and
did not show any significant and continuous organic coating, and
mainly contained some sediment and debris particles (Fig. 1B; Fig. S1).
This is in contrast with the wood-based swatches, where the fibers
were difficult to distinguish from one another due to the extensive
and intricate biofilm pervasive throughout the fabric, suggesting it is
home to a variety of micro- to small organisms, typical of marine
snow (Fig. 1B). As a result, the diameter of the fibers that could still be
detected from the wood-based material after 28 days in seawater de-
creased by more than 20% relative to that of the original material. On
the other hand, the fiber diameter of polyester was only reduced by ap-
proximately 5% after 210 days exposed to seawater (Fig. 2).

Reduced diameter is most likely due to the biodegradative action of
the biofilm growing along the entire length of the fibers (Li et al., 2010).
Some of the thinning in fiber diameter, particularly for polyester, might
result from rearrangement of the polymers within the fiber (Kawai
et al., 2019) considering that thinning was homogeneous along the
length of fibers. Chemical degradation has been reported for polyester
material maintained for one year under sea surface, although not for
textile material but for larger and solid polymer blocks (Muthukumar
et al., 2011). In that case, polymer material showed a relative weight
loss of about 7% after the year-long in seawater, which was associated
with chemical reorganization of the polymer (due to change in car-
bonyl, ester and vinyl groups) (Muthukumar et al., 2011). The polymer
surface area remained otherwise deprived of major biofouling by
Fig. 2. Box plot view of the variation in diameter of fibers measured from the SEM images.
Measurements were made from swatches of polyester (left) at day 0 and day 210, and
from swatches made of lyocell (right) at day 0 and day 28. Changes in fiber diameter
were statistically significant in both cases with p = 0015 for polyester and p < 0.001 for
lyocell. N = 60 measurements in each case.
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macro-organisms (barnacles and hydroids) although the authors did
discuss possible biofilm by micro-organisms to play some role in con-
tributing to biotic degradation in addition to the abiotic effects
(Muthukumar et al., 2011).

Here, evidence of such chemical degradation within the fibers was
revealed by the change in fiber diameter but also using IR spectroscopy,
which showed that chemical degradation of wood-based fibers was
greater than that of polyester (Fig. S3). Homogenous thinning of the
wood-based fibers could not be confirmed due to the thick biofilm
(Fig. 1B). However, under experimental aquarium settings we were
able to show that wood-based swatches became thinner over time, be-
coming somewhat translucent within a month, while polyester
swatches did not (Fig. 3; Fig. S4). Outflow seawater from our aquarium
setup showed high numbers of large microfibers released from the
swatches during the first few days of the experiment (Fig. S5). This indi-
cated that the swatcheswere losingmicrofibers primarily from the edge
of the swatch, createdwhen the swatchwas cut to size. These results are
supported by a recent study showing thatmicrofiber release is primarily
from the cut and sewn edges of fabrics (Cai et al., 2020).
Fig. 3. A. Box plot view of the relative variation (in %) of light transmittance intensity from
pixels in defined areas of wood-based swatches exposed to experimental conditions of
constant seawater flow. Measurements were made from 3 different swatches and graph
includes interpretation of the changes in transmitted light over time. B. Photographs of
one of the red dyed swatches imaged for deconstruction over time, showing the area
analyzed for relative pixel intensity (delineated in white at day 0 and with white arrows
subsequently). Together, both panels show deconstruction occurring within 1–2 months
for wood-based materials.
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A prominent difference between polyester and wood-based fabrics
that affects their degradation rate relates to their surface chemistry.
Polyester is hydrophobic, and thus repellent to water (Azeem et al.,
2018; Lee and Little, 2013) and biofouling, both consequences contribut-
ing to the slow deconstruction of polyester and minimal biologically-
aided degradation. Wood-based materials in contrast are hydrophilic,
more subject to biofouling and aremore readily integrated into the global
carbon cycle due to rapid biodegradation (Zambrano et al., 2020).

Both polyester and wood-based microfibers have a density greater
than water, approximately 1.3–1.4 g/cm3 and 1.5 g/cm3, respectively,
and both are able to trap sediment particles (Fig. 1 and Fig. S1). How-
ever, the hydrophobic surface of polyester prevents heavy biofouling,
as opposed to wood-based microfibers, which act as a microcosm for
marine life. Because of this, the density of wood-basedmicrofibers is in-
creased (with the added biological mass that can capture even more
sediment particles), and thus wood-based fabric materials are accord-
ingly more often found at the seafloor relative to their polyester coun-
terparts (Courtene-Jones et al., 2020; Woodall et al., 2014). Transfer to
the seafloor, however, may limit their degradation rates due to the dif-
ferences in environmental conditions including colder temperatures,
lower oxygen levels, and different microbial communities, allowing
them to last longer than otherwise anticipated. Polyester microfibers
on the other hand, may remain floating in surface waters or in mid-
depth waters where they remain scattered across volumetric masses
of water and may be more readily integrated into the food chain
(Carbery et al., 2018; Song et al., 2018). Such scenarios however are
not easy to tease apart since one might consider, based on studies on
microplastics, that many other variables can come into play. These in-
cludes the size of the material but also its shape, chemical nature, and
additive content, but also the mesocosm of organisms (and its variabil-
ity over time) at the very place where the polymer is submerged (Fazey
and Ryan, 2016; Khatmullina and Chubarenko, 2019; Van Melkebeke
et al., 2020). In addition, water currents and their loads in inorganic
matter and sediment particles can also affect the vertical distribution
and sinking rates of microplastics (Pohl et al., 2020; Wu et al., 2020).

The degradation rate of fibers in seawater is critical to establish be-
cause it is closely associated with their capacity to enter the food
chain and potentially disrupt biological processes. Hence, we addressed
this crucial question by exposingfibers (chopped in small pieces) to sea-
water and the associated microbial communities in a closed bioreactor
setting, using CO2 production as a proxy of material degradation. Upon
exposure to the marine microbial communities, polyester fibers did
not biodegrade (Fig. 4). Our biodegradation model suggested that for
polyester fibers to degrade fully, they would have to be exposed to the
marine environment for centuries.
Fig. 4.Data pointswith overlaidGompertz-likemodels showing the trends of degradation of Avi
and cellulose lyocell (grey) for the marine assay (continuous line) and the aquatic assay (dotte
fibers show close similarities, the model for polyester were very different and no significative
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In contrast, lyocell (wood-based) fibers fully degraded in the seawater
bioreactor setting within 60 days, and within 90 days for freshwater
(Fig. 4). In the marine assay, a greater degradation rate for the cellulose
referencematerial may be due to its smaller size, creating a larger surface
area to volume ratio of the material which facilitated faster biodegrada-
tionby themicrobial communities (Zambrano et al., 2020). Somediscrep-
ancy of degradation time is in fact often reported for cellulose reference
material, which is used as a common reference for natural textile fibers
across assays in bioreactor studies. Nevertheless, and beyond the range
of these possible discrepancies, it was demonstrated that cellulose-
based fibers displayed much faster biodegradation than polyester fibers
in a seawater bioreactor (Zambrano et al., 2020). This is in line with
someof our additional findings showing that naturalmaterials like cotton
and wood-based materials produced by regeneration processes such as
lyocell and viscose degrade fast and at similar rates in real-world experi-
ments in sea water (Royer et al., in prep) making them clearly distinct
from synthetic (oil-based) polyestermaterial in terms of biodegradability.

Once released into the environment, the small size of (micro)fibers
allows them to be widely distributed into the atmosphere (Brahney
et al., 2020), rivers and lakes (González-Pleiter et al., 2020; Strady
et al., 2020), andmarine environments (Suaria et al., 2020), with recent
studies identifying microfibers in some of the most remote regions of
the planet (Nichols et al., 2021) including the deep sea (Kane et al.,
2020) and Antarctica (Absher et al., 2019). With a worldwide presence,
particularly in themarine environment, microfibers are available for in-
gestion by a wide range of organisms within the food web, potentially
leading to detrimental impacts (Naidoo et al., 2020; Pinheiro et al.,
2020). Hence, the less we generate of them the better, and thus plastic
waste should not be used to create recycled materials that would
more easily generate microplastics or microfibers.

However, there is an increasing popular trend of recycling plastic
waste into functional items that is often referred to as “Trashion”
which for clothes in particular, is literally about creating fashion
(made from synthetic textiles) out of plastic trash (Emgin, 2012). The
apparent environmental stewardship of this practice is implemented
by many popular clothing brands with the motivation of reducing the
amount of plastic that could enter a landfill or the local environment.
This allows to avoid making plastics from new raw material with the
genuine intent to save the ecosystems from the impact of degrading
plastics (Naguib and Zhang, 2018).

Accordingly, extensive effort has been put into the recycling technol-
ogy to be able to use any plastic waste to generate polyester that shows
properties equivalent to those of non-recycled polyester (Kayaisang
et al., 2013). Hence polyester and recycled polyester are often used in-
terchangeably (Brouwer et al., 2020; Qin et al., 2018; Muthu, 2020).
cel®Microcrystalline Cellulose,which is a conventional cellulose reference powder (black)
d lines). Although the models for cellulose reference and cellulose lyocell biodegradation
within the analyzed period (see overlapping flat lines at the bottom of the graph).
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The branding behind using recycled polyester is very powerful to the
consumer, although “recycled polyester” only refers to the sourcemate-
rial (BusinessOfFashion, 2020; FossilFashion, 2021), and not to the final
product when it breaks down in the environment.

Including recycled fibers from plastic waste into textile will acceler-
ate the formation of synthetic microfibers in the environment, due to
thewell-documentedmicrofiber release from thewearing andwashing
of textiles (De Falco et al., 2019; Napper and Thompson, 2016). Studies
have estimated that 7–60 × 105 microfibers can be released from a sin-
gle wash load of synthetic clothing (De Falco et al., 2018; Napper and
Thompson, 2016), effectively reintroducing the plastic waste back into
the environment in a smaller form that is potentially more harmful
than the original material, thus going against the good intentions of
recycling plastics to save the environment.

4. Conclusions

The lack of degradability of polyester fabric in the marine environ-
ment was reflected by the lack of significant biofilm on the hydrophobic
surfaces, which was strikingly distinct from that of wood-based fabric
that readily showed heavy biofilm formation and full biodegradation
within a couple of months. The recent and substantial increase in syn-
thetic fiber production over the past few decades has led to an influx
of synthetic microfibers into the marine environment due to the wash-
ing and wearing of synthetic textiles. Because these synthetic textiles
and microfibers are showing very limited degradation in the environ-
ment, they are most likely accumulating rapidly over time, and nega-
tively affecting exposed marine organisms and their contribution to
the ecosystem services. The increasing trend of creating textiles from
recycled plastic contributes to this issue, by generating microfibers
from larger plastic items that could have been otherwise diverted
from entering the environment. Arguably, the negative impacts of
microfibers accumulating in the environment may outweigh the im-
pact that the larger plastic item could have otherwise had. Thus, al-
though the recycling and reuse of plastic is promising in principle, it
is recommended to recycle plastics into items other than clothing to
reduce the creation of microplastics as a byproduct.
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Glossary

Wood-based fibers: fibers regenerated from wood pulp (Sinclair, 2015).:
Nonwoven fabrics: are broadly defined as sheet or web structures of entangled fibers or fila-
ments bonded together mechanically, thermally, or chemically. They are made directly from
separate fibers or filaments that are initially loose, or indirectly from films that are perforated
into fibrous or filamentous scaffolds. Nonwoven fabrics are not made by weaving or knitting
and do not require converting the fibers to yarn.:
Biodegradation: the reduction of a material back to its carbon atomic building block with the
help of biological activity. This involves breakdown of a polymer substrate by microorganisms
(bacteria and fungi) into H2O, CO2/CH4, energy and new biomass.:
Degradation: change in properties (tensile strength, color, shape) of a polymer under the influ-
ence of one or more environmental factors such as heat, light or chemicals (acids, alkalis or
some salts).:
Fragmentation: formation of smaller pieces due to the physical breakdown of one solid object.
Here, it implies a larger fiber breaking up into smaller pieces.:
Deconstruction: release of individual pieces that comprise the building block of an original
item. Here, it refers to fibers getting loose from the fabric and slipping away from the fabric into
the environment.:
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