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ABSTRACT: Microfibers, characterized as small fibers shed from textiles that are less than 5
mm in size, are a prominent contaminant in the environment. Thus, it is important that we
have methods to accurately quantify and characterize them, including in water, sediment,
wildlife, seafood, and drinking water samples. Unfortunately, their small size and the presence
of different dyes on the microfibers themselves cause difficulties in identification via
conventional spectroscopic methods of total attenuated resonance−Fourier transform
infrared and Raman. To help solve some of these methodological challenges, we developed
a new method employing polymer−dye binding chemistry, density tests, unique surface
morphological traits, and fluorescent staining to identify microfibers in environmental
samples. The identification method introduced here was tested in our laboratory via trials
using microfibers shed from new textiles and environmental samples. We found that the
method can be successfully applied to identify the different polymer types of microfibers,
which can ultimately help source apportion microfiber contamination in the environment.

■ INTRODUCTION

Every year, an estimated 4−12 million metric tons of plastics
enter the oceans.1 As a consequence, plastic debris has become
a common contaminant in the environment and can be found
across the open oceans,2−5 estuaries,6 freshwater systems,7,8

and in organisms.9−11 This widespread contaminant has
consequently been found in our resources, including sea
salt,12 seafood,10,13 and drinking water.14

A large proportion of the plastics in the environment are in
the form of fibers,15−17 which can be produced from the
shedding of clothing, towels, rope, and other products made
from textiles.18 When fibers are less than 5 mm in length, they
are referred to as microfibers.19 Today, it is understood that
microfibers are pervasive, and unless measures are taken,
increasing amounts will enter the environment.1,15

Still, we do not yet understand how this ubiquitous
contaminant affects living organisms both physically and
chemically. For instance, Jemec et al.20 found no correlation
between gut microfiber content and mortality of Daphnia
magna, whereas Au et al.21 found that a chronic exposure of
polypropylene (PP) microfibers resulted in significantly less
growth in amphipods. Overall, the literature on microfiber risk
is not comprehensive. To better understand risk, further
research is needed to study the mechanism of effect, and
exposure concentrations in the environment.
Quantifying microfibers in the environment and identifying

the polymer type are critical to understanding exposure, in
addition to determining the origin of the contamination. For
example, PP is commonly used in a monofilament fishing
line.22 Nylon, because of its toughness, is often used in musical
strings, carpets, and rope.23 Cotton is used in yarn for denim.24

Wool, silk, acrylic, and polyester are commonly used in
clothing.25,26 Finally, rayon and cellulose acetate, semisynthetic
fibers made from cellulose, are used in the production of
clothing and cigarette butts, respectively.27,28

The most common methods for identifying microfibers are
spectroscopic analyses using Fourier-transform infrared
(FTIR) and Raman spectroscopy.29−31 However, the small
size of microfibers as well as the presence of dyes that interfere
with the spectrum present challenges when identifying fiber
polymer types.32,33 For example, conventional total attenuated
resonance−FTIR (ATR−FTIR) spectroscopy is a form of
contact analysis,34 and thus requires significant contact surface
area to generate sufficient signal to identify the material. Thus,
if the microfiber is too short in length or too thin, the signal is
too weak to be able to identify the polymer type. Although
Raman spectroscopy and micro-FTIR do not require contact
with the microfiber, they require that the fiber be fixed in place
for the entire duration of the analysis. It is difficult to keep the
fiber in the exact same location under the microscope because
of its light weight and small diameter. Whereas fixing the
microfiber on tape can be a solution, interference from dyes in
the fiber can pose additional problems during identification
and this is especially true for Raman spectroscopy.29 Dyes
complicate polymer identification because dye absorbance of
the laser can result in reduced intensity of polymer bands and
therefore less successful matching of the spectrum to a polymer
in the Raman spectral database.33 Furthermore, dye bands may
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obscure polymer bands, leading to a reduced match rate (this
is also referred to as band overlay).33 Finally, it is also common
to get a dye signal instead of a polymer signal using Raman
when the laser excites the dye instead of the polymer.30,33,35

Most microplastic studies do not deconvolute fluorescence and
dye signals from polymer signals because of a lack of
spectroscopic training or equipment.29,30,35,36 As a result,
polymer identification is hampered, and in some cases biased,
because of the signal from the dyes such as indigo.30,33,35,36

Thus, current methods enable the determination that a
microfiber is anthropogenic, but cannot necessarily determine
whether it is microplastic (e.g., polyester, acrylic), cotton or
wool, for example.
To help mitigate these issues, we developed a multistep

method for analyzing microfibers to material type. The
proposed method, consisting of four lines of evidence (related
to textile chemistry, density, and surface morphology),
circumvents the Raman dye interference issue and provides a
convenient and inexpensive way to identify microfibers when
chemical structural analysis equipment is not available.

■ MATERIALS AND METHODS

To develop this method, we first gathered information from
industry and other resources (e.g., textbooks) regarding which
dyes are commonly used with different material types. These
dye−polymer associations help with material identification of
microfibers when the resulting spectrum matches only dyes in
the spectral library. The second step uses density tests that
provide a further line of evidence regarding material type based
on densities of different textile materials. The third step uses
surface morphology to provide evidence relevant to fiber
material type. The final step uses a staining technique that is
specific to certain material types. All four steps, or lines of
evidence, help circumvent issues in determining material type
when a spectrum only matches with dyes in the library and not
the actual material, as discussed in many previous
reports.30,33,35,37 A second workflow, which exploits the
physical and chemical features of fibers, was also developed
when Raman or FTIR is unavailable.
Below, we break the methods section into three parts. First,

we describe how we developed methods relevant to each line
of evidence. Second, we describe a test used to assess the

accuracy of the method with microfibers from new textiles.
Finally, we conclude with applying the method to real
environmental samples.

Part OneMethod Development. Matching Dyes to
Textile Material Types. A compilation of polymer−dye links
was created by consulting textbooks on dye chemistry and
polymer staining in the textile industry.38,39 These polymer−
dye associations were then confirmed by discussing with
experts in the textile industry (see Acknowledgements). This
information allowed us to link common dyes to specific
material types (Figure 1).

Fibers for Proof-of-Concept Tests. To prepare natural and
synthetic microfibers, textiles were obtained from a variety of
brands and materials purchased from Amazon.com Incorpo-
rated, King Textiles, and ULINE Canada. Polymer type was
confirmed using FTIR before use in experiments (Supporting
Information Table S1). These specific materials were used:
packets of loose wool fibers (“Felting Wool Roving 36
Assorted Colors Soledi Wool Fiber Roving 0.1 ounce/color
for Needle Felting” from Amazon.com, Inc.); gauze pad, fabric,
and thread for cotton fiber (Honeywell North Bulk First Aid
Kit” from Amazon.com, Inc., white cotton fabric from King
Textiles, and “Singer Mercerized Cotton Hand Thread,
Assorted Colors, 12 Spools” from Amazon.com, Inc.); towel
and fabric for nylon fibers (“Kokubo Extra Long Rougher
Textured Nylon Washcloth” from Amazon.com, Inc., white
nylon fabric from King Textiles); yarn for acrylic (“LIHAO
Crochet Yarn Acrylic Set Sewing Thread Colored” from
Amazon.com, Inc.); thread and rope for polyester (“Sodial-24
Assorted Colors Polyester Sewing Thread” from Amazon.com,
Inc., white “Polyester Rope” from ULINE); rope for PP
(yellow and white “Polypropylene Rope” from ULINE), and
thread and fabric for silk (“YLI 20210-WHT 100wt T-12 Silk
Thread, 200m, White” from Amazon.com, Inc., white silk
fabric from King Textiles). Fibers were cut into 1−3 mm long
pieces using scissors, and then placed onto double-sided tape
on glass slides for subsequent tests. Each material type had a
unique color for easy identification during proof-of-concept
tests.

Density Tests to Confirm Materials. Our density tests were
inspired by studies that exploit the difference in densities
between plastic and sediment to isolate plastic in environ-

Figure 1. This flowchart shows how microfibers can be identified to polymer type using a combination of Raman spectroscopy, knowledge of dye−
polymer associations, and density tests, in addition to surface morphology as an extra easy step (which is not shown in the flowchart).
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mental samples, a common technique used during sample
cleanup,40−42 and the fact that polymers have characteristic
densities.40,41 To develop the density tests, individual fibers
were placed in deionized (DI) water (1.0 g/mL), 1.2 g/mL
CaCl2 (aq) (anhydrous, Thermo Fisher Scientific), and 1.3 g/
mL CaCl2 (aq) in 50 mL PP tubes. CaCl2 solutions were
prepared by adding CaCl2 pellets to DI water until the
hydrometer read 1.2 g/mL. A similar procedure is followed to
make 1.3 g/mL CaCl2 solution. On the basis of the densities of
each material, we knew whether it was expected to float or sink
in each solution (Table 1). For each material, we tested

whether fibers sink or float to confirm that they behaved as
expected. Individual fibers were rubbed across the meniscus of
the solution for several seconds using tweezers to thoroughly
soak the fibers in the solution and remove any electrostatic
charge or air bubbles before they were brought to the middle
of the solution and released. PP tubes were then centrifuged at
4695.6g for 10 min. Centrifugation effectively amplified the
float/sink signal, and avoided the otherwise long wait time for
some fibers to settle. After centrifugation, the fiber was
observed and its position in the solution was recorded, either
at the top or the bottom. The observed behavior of each
material in each of the solutions is summarized in Table 1.
Morphology as a Measure of Material Type. Images of

surface features of all fibers were taken under 100×, 500×, and
1000× total magnification [numerical aperture (NA) 0.25, 0.5,
and 0.8, respectively] using an XploRA PLUS Raman
spectroscopy instrument equipped with an Olympus micro-
scope from HORIBA Scientific. At least two different fiber
products were examined for each polymer and trends in surface
morphologies were noted. These characteristics identifying
surface features were recorded for each fiber type to aid in
identification (Table 2). The unique surface morphologies of
the fibers are a direct result of how they were created; for
instance, polyester is generally thinned by drawing it out to
several times its length.44 Polyester is long and smooth
(Krystle Moody, Sustainable Materials Development Con-
sultant, personal communication, July 26, 2018). Crimping or
compression into folds can be applied to the polyester but its
smoothness is retained.45 On the other hand, animal hair like
wool grows in segments like overlapping scales.46 These fiber
surface morphology trends were also confirmed on fibers
sampled from storm water, wastewater, and surface water from

San Francisco Bay, CA, USA (Supporting Information Table
S2).

Staining Techniques to Identify Material Types. Micro-
fibers (1−3 mm in length) that were previously placed on
double-sided tape were used for staining. Dye concentrations
were optimized for the most selective staining possible. A final
concentration of 1 mg/mL was chosen for Direct Red 23 (Dye
content 30%, Sigma-Aldrich) and 1 μg/mL for Sulfo-Cyanine5
Free Acid (Lumiprobe). Microfibers were immersed in
phosphate buffer saline (PBS, pH 7.4, Gibco) and their
fluorescence intensity was recorded under 40× total magnifi-
cation (NA 0.13) using a fluorescence microscope (EVOS FL
Auto Imaging System) in both RFP and CY5 channels before
staining as a control (Table 3 shows excitation and emission
bands for both dyes). The RFP channel has excitation
maximum at 555 nm and emission maximum at 584 nm.
The CY5 channel has excitation maximum at 649 nm and
emission maximum at 666 nm. Next, a 1 mg/mL solution of
Direct Red 23 was added to the glass slide with the taped fibers
(see dye reaction mechanism in Supporting Information Table
S3). Fibers were left submerged in the dye solution for 20 min
with frequent shaking by hand. It is expected that cellulosic
microfibers would stain red in the RFP channel from Direct
Red 23 (Table 3).38 The dye was rinsed off with PBS and
fluorescent images of the fibers were taken using the same
imaging system with consistent parameters in both RFP and
CY5 channels. Finally, a 1 μg/mL Sulfo-Cyanine5 Free Acid
solution with citric acid and a pH of 1 was added to the fibers
(see dye mechanism in Supporting Information Table S3). The
fibers were left to soak for 20 min with frequent shaking. It is
expected that protein (wool, silk) microfibers, and nylon would
dye blue in the CY5 channel from Sulfo-Cyanine5 Free Acid
(Table 3).38 The dye was rinsed off with PBS and microscope
images of the fibers were taken using the same fluorescence
microscope in both RFP and CY5 channels. Light, exposure,
and gain parameters were chosen while taking photos of the
controls and kept consistent after dyeing: most notably, if
fibers were too dark before staining, parameters were increased
to allow for better detection of fluorescence changes and if
fibers were too bright before staining, parameters were
decreased to allow for better detection of change. To visualize
Direct Red 23 dye, we used RFP filter with excitation at 531/
40 and emission at 593/40. To visualize Sulfo-Cyanine5 Free
Acid dye, we used CY5 filter with excitation at 628/40 and
emission at 692/40. The fluorescence of the fibers after
staining was controlled by subtracting the original fluorescence
values measured before staining in ImageJ. Fibers may already
have been fluorescent because of dyes pre-added during
manufacture. The fibers were considered to be successfully
stained if the fluorescence intensity was increased by 10-fold
compared to the intensity prior to staining. This 10× cut-off
was established in proof-of-concept tests with natively
fluorescent fibers.

Part TwoProof of Concept Tests. Three volunteers
were tasked with testing our method. Before testing the new
method, all three testers were asked to identify fibers using
only microscope images of the fibers with total magnification
of 40×. This is the typical magnification at which researchers
pick out microplastics from samples and is the procedure by
which researchers would identify microfibers without any fiber
identification method. The overall objective of this was to
determine whether the method we developed has a higher

Table 1. Behavior of Different Fiber Polymers in DeI Water,
1.2 g/mL CaCl2 (aq) and 1.3 g/mL CaCl2 (aq)

a

DI water
(1.0 g/mL)

1.2 g/mL
CaCl2

1.3 g/mL
CaCl2

PP (0.84−0.91 g/mL)43 float float float
acrylic
(1.11−1.18 g/mL)43

sink float float

cotton
(1.48−1.63 g/mL)43

sink sink sink

silk (1.36 g/mL)43 sink sink sink
nylon
(1.06−1.16 g/mL)43

sink float float

wool (1.36 g/mL)43 sink sink sink
polyester
(1.3−1.46 g/mL)43

sink sink sink

aDensities of the fibers at 20 °C are in parentheses in the column on
the left.
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success rate than using only traditional microplastic counting
methods with no chemical identification.
Tests were carried out with three subjects (n = 3) to

determine the success rate of the new fiber identification
method using the workflow without Raman spectroscopy
(Figure 2). All three testers were assigned the same ten fibers
and instructed to perform the density tests, assess surface
morphology, and conduct the fluorescence staining tests.
There is at least one fiber from each of the seven fiber polymer
categories in the set of test fibers and thus three polymer
repeats. With all lines of evidence in hand, they were asked to
determine the material type. Their average success rate was
calculated.
Experimenters were guided through the tests with detailed

instructions but did not know which fibers matched which
polymer type (see Supporting Information for detailed
instructions). The microfibers used in the tests originated
from a black nylon towel, yellow PP rope, white cotton thread,

blue polyester thread, purple wool stuffing, gray PP rope,
brown polyester thread, brown wool stuffing, white silk fabric,
and green acrylic yarn. Identities of the materials were
confirmed using ATR−FTIR (Supporting Information Table
S1).
Experimenters were asked to conduct density tests for each

type of fiber, precut to 1−3 mm in length, as described above.
They were given images of fibers taken under 100×, 500×, and
1000× total magnification and asked to describe the surface
morphology of the fibers (objectives had magnifications of
10×, 50×, and 100× respectively and the eyepiece had a
magnification of 10×). Finally, experimenters were asked to
stain fibers first in Direct Red 23 solution and record
fluorescence changes, then in Sulfo-Cyanine5 Free Acid
solution, and record fluorescence changes. Dye and density
test solutions were prepared in advance for the experimenters.
At the end of all the experiments, the data were compiled in a
spreadsheet and experimenters were asked what they thought

Table 2. Surface Morphological Features of Each Material Typea

aThe brightness and contrast of images were enhanced for better effect. See the Supporting Information for San Francisco Bay fiber morphology
images and images of fibers from more fiber products (Supporting Information Table S2).
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the fiber identities were for each fiber from the list of polyester,
nylon, silk, wool, cotton (cellulose), acrylic, and PP. They were
asked to decide on their reasoning starting with the results of
the density tests. As soon as they see a fiber float in all three
solutions, the experimenters are asked to identify that fiber as
PP. For the remaining fibers, their surface morphology is
described using the high magnification microscope images. For

any fiber that is segmented, the experimenters are asked to
conclude the fiber(s) as wool. Using only density test results
and surface morphology, the experimenters are asked to
determine the fiber identities to the best of their ability. For
any remaining unidentified fibers, fluorescence staining
evidence was used. For the full standard operating procedure
(SOP), see the Supporting Information.

Table 3. Fluorescent Dyes Used in the Experiment to Selectively Stain Microfibers (Please Refer to Supporting Information
Table S3 for More Information Regarding Staining Mechanisms)a

aFluorescence images (top: cotton, bottom: wool) have contrast enhanced and color added to make them easier to see (40× total magnification,
NA 0.13, scale bar 200 μm in length). More images showing positive and negative results after fluorescence staining can be found in the Supporting
Information (Table S4).

Figure 2. This flowchart shows how microfibers can be identified to polymer type without Raman spectroscopy, using a combination of density
tests, surface morphology, and fluorescent staining.
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Part Three: Validation with Environmental Samples.
To validate this fiber identification method, we applied the
second workflow to microfibers we had extracted from San
Francisco Bay surface water samples. These samples were
collected and analyzed as part of a San Francisco Estuary
Institute microplastics analysis project, and we were able to use
some of these samples to develop this method. Two testers
used the method to blindly identify 18 randomly chosen
microfibers each, which have already been identified using
ATR−FTIR that fell under one of the microfiber categories
pertaining to this method. First, images of the microfibers were
taken under 100× magnification using the Raman microscope
(NA 0.8). Then, fibers were fluorescently stained and their
fluorescence intensity changes determined. Finally, density
tests were conducted on the microfibers. Density tests were
performed last as fibers may become lost from being
manipulated and centrifuged, especially clear fibers, and we
wanted to gather as much information from them as possible
for this test.

■ RESULTS AND DISCUSSION
Part 1: Introducing the Method. Overall, we created two

different workflows. One workflow includes Raman spectros-
copy (Figure 1) and the other can be used without
spectroscopy (Figure 2). Both workflows use surface
morphology and density tests. The workflow with no Raman
spectroscopy includes fluorescent staining using chemical dyes.
As confirmation, surface morphology should be applied to both
as an extra line of evidence but is only critical in the second
workflow that does not include spectroscopy. Overall, these
fiber identification methods help to solve a pre-existing dye
interference issue with Raman spectroscopy and propose a
more affordable alternative to spectroscopic identification of
microfibers.
For the first workflow, with Raman spectroscopy, a list of

major polymer dyes and dyeing methods were extracted from
literature sources along with all of the possible polymers they
could dye.38,39 Dyes are conjugated aromatic organic
molecules derived from petroleum.39 These coloring agents
can be either water-soluble or water-insoluble based on their
structure.39 Besides dyes, other colorants include pigments and
fluorescent-brightening agents.39 They contain alternating
single and double bonds capable of absorbing certain
wavelengths of light, thereby taking on the color of the
wavelengths they do not absorb.39 Dyes can be added to
polymers in a variety of ways and some of these ways are
described below.
Dye classes of major commercial importance were selected,

especially those often detected using Raman spectroscopy. The
major dye classes of commercial importance include disperse,
basic, indigo (a specific type of vat dye used exclusively to dye
denim), reactive, vat, phthalocyanine, mineral, direct, and
acidic dyes38,39 (Figure 1). The possible polymer types
associated with each dye class were then narrowed down
based on current industry practices. Although dyes can be used
to stain several polymers, some polymers stain better with one
dye over another, and thus the textile and apparel industries
tend to use specific dyes for specific polymers.
Disperse dyes are water-insoluble dyes that have an affinity

for hydrophobic synthetic plastic polymers, namely, polyester
and polyolefin fibers [i.e., PP and polyethylene (PE) fibers]
usually applied as a fine aqueous dispersion.39 Basic dyes
primarily stain acrylic because of the strong ionic attraction

between the dye and carboxylic acidic dye sites in acrylic
fibers.39 Indigo is combined almost invariably with cotton to
produce denim fabric47 and this was confirmed to be the case
by industry contacts (Stephanie Karba and Elissa Foster of
Patagonia, Environmental Researcher and Senior Manager of
Product Responsibility, respectively, personal communication,
February 6, 2018). Reactive dyes stain primarily cellulosic
fibers such as cotton, viscose, modal, lyocell, and linen as well
as the protein fibers wool and silk; however, the textile industry
pointed out that reactive dyes in practice currently most likely
indicate cellulosic fiber39 (Karba and Foster of Patagonia, pers.
comm., February 6, 2018). Practices may have been different
in the past. Reactive dyes form covalent bonds with cellulosic
fibers.39 Phthalocyanine, mineral, direct, and vat all stain
cellulosic fibers as well.39 Vat dyes are added to cotton denim
and other cellulosic fibers as a liquid dispersion.39 Phthalo-
cyanine dyes are typically used to dye cellulose a bright blue or
turquoise-blue color.39 Mineral dyes are water-soluble metal
salts which transform into insoluble metal oxides upon contact
with cellulosic fibers.39 Direct dyes are water-soluble and are
applied to cellulosic fibers in an aqueous bath containing an
electrolyte. Finally, acidic dyes are anionic dyes applied
predominantly to nylon and protein fibers in an acid or
neutral dyebath39 (Karba and Foster of Patagonia, pers.
comm., February 6, 2018).
Dyes have color index (CI) generic names such as “CI Vat

Green 1”. On the Raman, dyes tend to be named a common
name. These names do not have the class of dye as part of the
name. However, with a quick internet search it is possible to
find the CI generic name of the dye and then figure out what
type of dye it is. For instance, CI Reactive Blue 103 is also
known as Levafix Blue EGRN. Pigment Blue 15:3 is also
known as Heliogen Turquoise, a phthalocyanine dye.39

Finally, it is important to note that although these dye
classes are predominantly used to dye certain specific
polymers, it is possible to get a dye to stain a broader range
of fibers by manipulating the conditions of the staining process
such as pretreatment of fibers and pH of solution.38,39 These
stains on nontypical fibers can still be performed, but not
necessarily with the best results,38,39 and thus it is expected
that these deviations are uncommon.
The above information alone leads some microfibers to be

identified immediately (Figure 1). Some dyes, however, are
capable of staining multiple polymer types. In these cases,
density and surface morphology tests can be conducted to
identify microfibers to polymer type. For instance, acidic dyes
are capable of staining nylon, wool, and silk fibers. Assuming
that the fiber is large enough to be picked up by tweezers, it
can undergo the density test using 1.2 g/mL CaCl2 (aq) as
described above. If the fiber floats, then the fiber is nylon. If the
fiber sinks, then it can be either wool or silk. Finally, using
knowledge of surface morphology, these fibers are easy to tell
apart: wool is segmented, whereas silk is not. However, if the
fiber is too small to pick up, surface morphology can still be
used to give the experimenter hints to the polymer type.
When Raman is unavailable, a second workflow can be used

that only utilizes the density tests, surface morphology, and an
additional step with fluorescent staining (Figure 2). These
pieces of evidence exploit unique features of different textile
materials to distinguish them from one another.
The density tests, using widely available and low-toxicity

solutions, proved that it is possible to group microfibers based
on their behavior in solutions of different densities. Three
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solutions are used [water, 1.2 CaCl2 g/mL (aq) and 1.3 g/mL
CaCl2 (aq)] because several fibers have densities hovering
around 1.3 g/mL. If a microfiber is neutrally buoyant in 1.3 g/
mL CaCl2 (aq), we can assess whether they sink in 1.2 g/mL
CaCl2 (aq). If it sinks, wool, silk, cellulose, or polyester are
possible identities. If the fiber floats, then nylon or acrylic are
possible identities.
Density tests coupled with the unique surface morphologies

of different materials help narrow down possible material types.
Surface morphology of a fiber refers to its shape and texture.
For instance, cellulosic fibers tend to be shaped like a deflated
red blood cell and look bumpy, whereas polyester fibers tend
to be tubular-shaped and look smooth.
Fluorescence staining patterns of the fibers can narrow down

identification, even further taking advantage of the differences
in hydrophobicity of materials. Because of the chemical
structure of the fiber polymers, they stain differently when
exposed to Direct Red 23 and Sulfo-Cyanine5 Free Acid dyes.
Direct Red 23 belongs to the direct dye class which
preferentially stains cellulosic fibers through stacking and
hydrogen bonding forces.38 Sulfo-Cyanine5 Free Acid belongs
to the acid dye class which preferentially stains nylon and
protein fibers through nucleophilic attack of their electrophilic
amine groups by the carboxylic acid group on the dye38

(Supporting Information Table S3).
Thus, using differences in density, surface morphology, and

their chemistries, the fibers can ultimately be identified to
polymer type without the use of expensive equipment. This
methodwithout Raman spectroscopyworks only for fibers
that can be picked up with tweezers because the density tests
involve dropping the fibers in solutions. However, even if the
fiber is too small to pick up, surface morphology and/or
staining can still be used to give the experimenter hints to the
polymer type of the fiber.
Overall, for both methods, we included only the most

common fibers used for clothing, fishing, carpet, and
upholstery. Other less common fibers exist, such as polyur-
ethane foam fibers and polyvinyl chloride fibers, which were
not included in this study. We did not test them using this
method. PE fibers are never or seldom reported to be found in
environmental samples including mussels, coastlines, marine
sediments, and atmospheric fallout, which speaks for their lack
of abundance and thus were not included in this method.48−51

Other fibers can be distinguished from each other using
properties such as density and surface morphology. Fibers such
as rayon, modal, lyocell, and other cellulosic derivativesjust
like cottoncan also be identified as “cellulose” using this
method. Segmentation is a characteristic of all animal hair, and
wool is just one type of animal hair commonly used in
clothing. Clothing that is a blend of cotton and polyester
means that individual cotton fibers and individual polyester
fibers are woven together in a specific ratio to form the
clothing. This means that, in the case of these seven polymers,
individual fibers exist uniquely as one polymer type and will be
identified using this method. Therefore, our method works for
fiber blends. Finally, it is assumed that this fiber identification
step takes place after sample cleanup using appropriate
protocols such as density separation, chemical digestion, and
sieving to remove nonanthropogenic materials such as organic
matter, glass, and chitin (see Hidalgo-Ruz et al.40 for particle
isolation techniques). One caveat is that sometimes it is not
possible to have a pristine fiber depending on the effectiveness

of the cleanup procedure and the extent that it has been
biofouled or degraded in the environment.

Part 2: Results of Proof of Concept Testswithout
Raman Spectroscopy (Using Flowchart 2). With in-
struction, all three experimenters identified all 10 of their
fibers correctly to polymer type (Table 4). This success rate is

much greater than the rate of success for experimenters 1 and 2
when observing fibers under the dissection microscope alone
(Table 4). Detailed results for each tester can be found in the
Supporting Information (Tables S5−S7) and are described
below.
Experimenter 1 correctly assigned surface morphological

features to all 10 fibers (Supporting Information Table S5).
For the density separation tests, two of the ten microfibers
(both wool) incorrectly floated in 1.3 g/mL CaCl2 (aq). One
reason for this could be that the wool fiber was not left soaking
in solution for long enough, leaving air bubbles to facilitate
floating despite centrifugation. Experimenter 1 still obtained a
perfect score because of the order in which the evidence was
assessed: specifically, the rules indicate that if the fiber is
segmented, regardless of other evidence the fiber is automati-
cally wool (Supporting Information). For fluorescence tests,
experimenter 1 did not assess staining data for two of the
microfibers, because their identities were already determined
from density tests and surface morphology alone. Experimenter
1 correctly assigned fluorescence results to five of the
remaining eight microfibers. Even so, because of the difficulty
in staining colored fibers, fluorescence staining evidence does
not need to be assessed when the identity of the fiber has
already been deduced.
Experimenter 2 correctly assigned surface morphological

features to all 10 microfibers (Supporting Information Table
S6). For the density tests, all microfibers behaved as expected
and were assigned correctly. Fluorescence staining results were
correct for five of ten microfibers. Still, with the strength of the
multiple lines of evidence, the errors in the fluorescence
analysis did not result in errors in the final assessment.
Specifically, based on density test results and surface
morphology evidence, microfibers were ultimately assigned
to material types correctly.
Experimenter 3 correctly assigned surface morphological

features to all 10 microfibers (Supporting Information Table
S7). For the density tests, the nylon microfiber did not float in
1.2 g/mL CaCl2 (aq) as expected, and thus nine out of ten
microfibers were assigned correctly. The nylon may not have
floated because of a contaminated test tube with water, which

Table 4. Summary of Overall Blind Test Results Using All
Three Lines of Evidence: Density Tests, Surface
Morphology, and Fluorescence Staininga

blind test results

# of fibers correctly
identified using a
microscope with
40× magnification

# of fibers
correctly

identified using
the fiber

identification
method

success rate
of the fiber
identification
method (%)

experimenter 1 2 out of 10 10 out of 10 100
experimenter 2 1 out of 10 10 out of 10 100
experimenter 3 N/A 10 out of 10 100

aExperimenter 3 did not identify fibers using a 40× magnification
dissection microscope first, which is why the result for that section is
“N/A”.
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diluted the CaCl2 solution. The experimenter was still able to
obtain a perfect score when considering all the evidence
together in the specific order (Supporting Information). This is
because even though the nylon microfiber was assigned
incorrect density results, these density results [float in DI,
sink in 1.2 and 1.3 g/mL CaCl2 (aq)] are not possible for any
of the seven fiber polymers. Hence, by using the smooth
tubular surface morphology of the fiber to decide between
nylon and acrylic, experimenter 3 concluded that the fiber is
nylon. Fluorescence staining results were correct for one of two
microfibers assessed. Eight of the microfibers simply were not
assessed because the material type had already been deduced
from the other two lines of evidence.
It is worth noting that we performed two rounds of tests and

used lessons learned from the first round to improve the
second round. The first round of tests did not use a centrifuge
and resulted in several ambiguous density test results.
Moreover, the fluorescent dye concentrations were not
optimized and resulted in poor results. Lastly, the surface
morphology images were not taken in full focus and the
experimenters were not given enough surface morphology
identification practice, resulting in poor interpretations of the
fibers’ surface features. Overall, the quality of the physical and
chemical fiber characteristics data was inadequate, and
indicated areas where the protocol could be improved. We
learned that more detailed instructions with examples were
necessary to guide the experimenters through the method.
Examples of how experimenters were guided through the

test include the following: experimenters were given hands-on
training on fluorescence microscopy and ImageJ processing,
and shown examples of what sunken fibers looked like in
solution versus floating fibers. When the experimenter missed a
fiber that had floated or sunk or in the case where an incorrect
surface morphology was assigned, the experimenter would be
asked to reconsider the evidence. This reminder did not reveal
the correct answer to the experimenters, but instead prompted
them to study their examples more carefully and assess the
evidence again. This points to the importance of experience
and a second pair of eyes to the success of the fiber
identification method. This method does not guarantee perfect
success rate but works better the more experienced the tester is
with identifying the physical characteristics of fibers.
Moreover, we learned that the order of the assessments of

evidence is important for more accuracy. Density tests should
be taken into consideration first followed by surface
morphology and then fluorescence staining, except for the
two important rules that trump all the other evidence: that
segmentation ultimately indicates wool and floating in water
automatically indicates PP. The order of assessment is such
because surface features are open to some degree of
interpretation, and fluorescence staining does not work well
on dark-colored fibers.
One of the major limitations of this method is that dark-

colored fibers or fibers already predyed during manufacture are
harder to stain again. Therefore, the fluorescence staining
results for these fibers are not as robust as the results from the
other two lines of evidence. Therefore, fluorescence staining
evidence is assessed with the least priority. Another limitation
of this method is that depending on the fiber length, not all the
lines of evidence can be used. For instance, only fibers that are
physically able to be picked up by tweezers can undergo
density tests. If the fiber is too small, surface morphology tests
and fluorescence staining can still be performed on the fibers

but as a result not every fiber can be identified to polymer type.
Finally, it is important to note that as the fibers obtained their
unique surface morphologies from the way they were
produced, if the fibers have been drastically altered through
chemical degradation or physical manipulation such as
flattening or tearing, then it can be difficult to assess their
surface morphology correctly. Similarly, if fibers are biofouled
in the environment, their density may also be altered. For these
reasons, we tested our method with environmental samples
and our results are outlined below.
Whereas the four lines of evidence together help the

experimenter identify the material type, each line of evidence
alone can identify certain types of microfibers. This is useful in
cases where researchers have access to limited equipment. For
instance, surface morphology only requires a high magnifica-
tion (100×−1000×) microscope. It alone is capable of
identifying wool and can tell the experimenter whether the
fiber is synthetic versus natural. When CaCl2 (aq) or other
dense solutions and a centrifuge are available to conduct
density tests, these tests alone can unequivocally identify
polyolefin (PP and PE) fibers, which are the only fiber types
that float in water. These tests can be performed in the field.
Fluorescence staining tests alone can unequivocally identify
cellulosic fibers which are selectively stained by Direct Red 23.
Fluorescence staining tests require a fluorescence microscope,
fluorescent dyes, and an image processing software such as
ImageJ.

Part 3: Method Validation with Environmental
Samples. Results of environmental microfiber identification
are shown in Table 5.

Overall, tester 1 correctly identified 13 out of 18 fibers
(Table 5). Tester 1 was able to correctly match 12 out of 18
fiber surface morphologies (Supporting Information Table S8).
For three fibers, the tester noticed more than one type of
surface morphology was present on the fiber, which made
identification difficult. In the other three cases, the fibers were
cracked and flattening, making it hard to determine its surface
morphology. For fluorescence staining, nine out of 18 fibers
matched the expected staining behavior. Three fibers were lost
during the staining itself, because the mixing of the dye
solution with the fibers dislodged them from the double-sided
tape that secured them to the glass slide. Not including the lost
fibers, the tester successfully matched the fluorescent staining
behavior of nine out of 15 fibers. Specifically, for the wool and
nylon cases, clear fibers stained well with Sulfo-Cyanine5 Free
Acid, whereas black or dark blue fibers did not fluoresce
noticeably. For density tests, 10 of the 18 outcomes matched
the expectations of the fibers’ behavior. However, three fibers
were previously lost during fluorescence staining and three
more were lost during the density tests because of their clear
color or small size, which made them difficult to see. Not

Table 5. Summary of Method Validation Results on
Environmental Samples Using Three Lines of Evidence:
Density Tests, Surface Morphology, and Fluorescence
Staining

results of method
validation on

environmental samples

# of environmental
microfibers identified

correctly

success rate of
microfiber

identification (%)

tester 1 13 of 18 72
tester 2 11 of 18 61
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including the lost fibers, 10 of 12 outcomes matched the
expected behaviors. It is possible that the densities of the fibers
may have been altered in the environment from degradation or
biofouling.
Overall, tester 2 was able to correctly match 11 out of 18

fibers (Table 5). Tester 2 correctly matched 10 out of 18
surface morphologies (Supporting Information Table S9). For
five of the fibers with misidentified surface morphologies, the
tester identified multiple morphologies on its surface. For the
other three misidentified morphologies, the morphologies were
incorrectly assigned. For fluorescence staining, eight out of 18
fibers were correctly assigned. The success rate is different
from the other tester by one fiber perhaps because of slight
differences in how the fiber fluorescence was analyzed in
ImageJ. Finally, the results for density tests are again that 10
out of 12 fibers have outcomes matching expectations, after
accounting for lost fibers.
As per our protocol, we evaluated density and surface

morphology results first then took into consideration
fluorescence staining results where necessary. Although we
obtained the incorrect fiber identity on a few occasions, it was
from guessing after narrowing down the options using the
existing evidence. For instance, for one polyester fiber we
narrowed down the options to polyester or cellulose after
examining its surface morphology and density results. It did
not fluoresce at all in the RFP or CY5 channel, but because it
was a dark fiber, cellulose could not be ruled out. Hence, we
guessed incorrectly that it was cellulose. There were several
cases where guesses were taken after narrowing down the
options for fiber polymers. Thus, as recommended above, not
all steps are necessary if the fiber type can be discerned with
less lines of evidence.
Overall, our method had a 67% success rate when identifying

microfibers from environmental samples. It is evident that
getting poor quality spectra and dyes from Raman is a major
obstacle when identifying microplastics, as is the case for
Karami et al., where the presence of dyes led them to have a
57% microplastic polymer identification rate.52 Thus, although
our success rate is not 100%, it can be better than conventional
Raman spectroscopy for microplastics identification because it
tackles the dye problem. It can also be useful when scientists
do not have access to spectroscopy. However, our method
does have a number of steps involved compared to Raman
spectroscopy. Studies that use micro-FTIR, where an FTIR is
coupled to a microscope, have achieved highalmost
perfectpolymer identification rates, yet this instrumentation
is very expensive.53,54 The chemical and physical principles
behind the method still hold; however, the major challenge is
that fibers in the environment have become degraded over
time and thus the intrinsic properties they possess can become
altered. This is most noticeable in density changes in the fibers
as well as cracking and flattening of the surfaces of the fibers,
which makes surface morphology identification difficult.
Moreover, we realized that it is easy to lose fibers while
handling them during the tests; this is especially true for clear
fibers. Although this fiber identification method may be
hampered by environmental degradation and biofouling of
fibers, these same processes have the same effect on other fiber
identification technologiesbiofouled fibers burn more easily
under Raman and both Raman and FTIR may detect
impurities in the fibers, which may hinder the identification
process. In other words, fibers from the environment are
inherently more difficult to identify compared to pristine fibers.

Ultimately, this method, like others, works best on clean and
larger fibers, so being able to isolate the fibers effectively from
environmental matrices is an important precursor to the use of
this fiber identification method.

■ CONCLUSIONS
Overall, we aim for this method to be used as a tool to help
determine the material type of microfibers in a sample. It offers
a convenientin the sense that the materials required to run
the tests can be obtained easilyand cost-effective method to
improve Raman identification of microfibers and identify
microfibers without the use of spectroscopic instrumentation.
Here, we utilize surface morphology, density, selective staining,
and spectroscopic properties of microfibers. We hope this
method can be helpful in the field for identifying material-type.
Using new and environmental samples, we have demonstrated
that this method complements existing technologies for
microfiber identification.
When fibers can be identified to polymer type, it is more

possible to do source-apportionment. Understanding the
source of the contamination is useful information for
mitigation to prevent further inputs into the environment.
For instance, finding an abundance of nylon and PP may
indicate that fishing activity is contributing to plastic
contamination in the area. Alternatively, finding an abundance
of polyester and acrylic fibers may indicate that synthetic
textiles from clothing are a possible source. Although this
method does not differentiate between artificially modified
cellulose and natural cellulose because of the similarity of their
densities and chemical structure, future research can look into
ways of further differentiating these two types of cellulose.
Thus, improved or accessible methods to identify plastic
pollution to material type are beneficial to help inform policies
that can mitigate contamination.
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