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Abstract

There is growing concern about the ubiquitous presence of microfibers in waterways,
atmosphere, and soil. Thus, the study of microfibers is of interest. Presently, there is no
standard method for quantifying microfibers, so the objective of the current study was to
employ a Fiber Quality Analyzer 360 (FQA) to examine microfibers with image analysis. In
this study, two surfactants, Teric 169 and Surfonic LF-17, have been independently added
to synthetic and natural microfiber suspensions to investigate their impact on arithmetic
length and fiber count measurements. Herein, it has been observed that surfactants with
pulsed sonication were shown to positively impact the synthetic microfibers suspensions,
yielding statistically different higher fiber counts compared to the controls. However,
the natural microfibers were found to produce fiber counts independent of the surfactant
addition when compared to controls. In addition, the arithmetic lengths for polyester
and nylon increased compared to a previous study, whereas the acrylic microfibers only
changed marginally. Clearly, these results indicated that, with the pulsed sonication and
surfactant addition pretreatment to water suspensions of microfibers, the FQA can be used
to quickly and easily examine synthetic and natural microfibers in a single research study.

Keywords: microfiber; microplastics; fiber quality analyzer; image analysis; fiber properties

1. Introduction

Microplastics are gaining research importance in large part due to mounting evidence
documenting their widespread pollution coupled with their resistance to biodegrada-
tion [1-3]. These small polymeric particles ranging in size from 1 um to 5 mm can stem
from the laundering and the wear and tear of clothes, as well as from bulk plastics [4,5].
Microplastics derived from synthetic textiles can also be described as microfibers [6]. While
microfiber is a more general term that considers breakaway fibers originating from either
synthetic or natural textiles, the general size limitations of microplastics are maintained [7].

The pervasive nature of synthetic microfibers has led to them being readily found in
many areas of the environment [8], including in sediment [9,10], air [11-15], and fresh [16]
and marine waters [17-23]. Another alarming fact is that microplastics have been found in
food, bottled water, and tap water ingested by humans [24]. Complicating this problem
is the lack of legislation for microplastics in food. Thus, a standard method to analyze
microfibers is needed to protect the environment and human health [25].

Microplastics and microfibers mainly initiate from the wastewater of domestic washing
machines [26] and are exposed to the air from clothes dryers [27]. Previous studies have
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revealed that microplastics and synthetic microfibers tend to degrade more slowly than
natural microfibers, which have been shown to biodegrade in the ecosystem [28,29].

While additional research is needed to better understand the full impact of microfibers
on the environment, there is increasing interest in adopting practices in textile and apparel
production that will decrease the release of microfibers and microplastics [30-33]; thus,
is it is imperative that fast and accurate methods for measuring microplastics and mi-
crofibers are established to help monitor the effects of yarn and fabric production limiting
microfiber production.

There are many studies on the detection, characterization, and quantification of mi-
crofibers and microplastics [34-36]. Specific methods include visible identification [37,38],
vibrational spectroscopy [39,40], filtration, electronic and optical microscopy [41], and
liquid chromatography-tandem mass spectroscopy [42].

Formerly, different sampling protocols for studying microfibers can be found in the
literature, specifically in large bodies of marine water. An initial study by Barrows and
colleagues involved collecting samples using a 1 L grab container or a 335 micron neuston
net tow off the coast of Maine [43]. When comparing these two sampling techniques, the
commonly used neuston net was determined to undercount microplastics, while the grab
technique was favored since it was determined to have collected three orders of magnitude
more microplastic per volume of water with minimal contamination [43]. In a related
study by this group, Miller and colleagues examined samples from the Hudson River and
reported on the ubiquitous presence of anthropogenic pollution [44]. Both plastic and
non-plastic microfibers stemming from textiles were acquired. Overall, their sampling
protocol involved collecting surface samples followed by filtration to determine the number
of microfibers. In a follow-up study, one-liter samples from open oceans and coastal sites
have been collected and analyzed by citizens and professional scientists. These studies
reported that microplastics were the predominant samples collected. However, microfibers
that were non-synthetic and semi-synthetic were also collected, with microfibers previously
being grossly under-reported when compared to global model predictions. To identify the
types of samples collected, micro-Fourier Transform spectroscopy was used [45].

Some of the disadvantages of using vibrational spectroscopy to identify microfibers
stem from the size and the existence of dye on the microfibers [46]. Specifically, atten-
uated total reflection-Fourier Transform infrared spectroscopy (ATR-FTIR) is limited by
its dependence on intimate contact with the sample to generate an identifying signal, as
microfibers may be too fine or short for adequate examination by ATR-FTIR. In terms of
Raman spectroscopy, maintaining the sample in the same place throughout analysis may
pose a challenge in microfiber identification. Further complicating vibrational spectroscopic
analysis is the presence of dyes on microfibers, which may obscure the true identification
of the textile polymers [46].

Quantifying anthropogenic microfibers was reported to be limited by the size and
shape of natural and semisynthetic fibers that are commonly digested, leading to their
underestimation in the literature [47]. To mitigate this issue, it is suggested that steps should
be taken to minimize contamination and fully capture microfibers in samples through low-
temperature studies and wearing colored laboratory coats (orange or pink) instead of white,
as these are not commonly found in environmental samples.

There are numerous reports in the literature of quantifying microfibers released during
laundering [48-54] with varying methodologies and sampling techniques. Specifically, Han
and colleagues [55] developed a method to measure the number of cotton and polyester
microfibers in water suspensions from domestic laundry, deriving a density function for
their corresponding length distributions using spectrophotometry and kernel estimation.
It was shown that absorbance values had a linear correlation with mass concentrations.
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Another study quantified microfiber release during domestic laundering by the installation
of sustainable filtering systems which had a retention efficiency between 52% and 86%,
depending on the number of washing cycles and filter arrangements [56]. Lupato and
colleagues [57] reported on a standardized, validated, sensitive, fluorescence-based method
to measure polyester-based microfibers. Automated static particle analysis has also been
used to quantify and characterize microfibers and microplastics in washing effluents
based on size distribution, shape analysis, and particle count, employing a high-resolution
imaging and advanced image processing method [58]. Mcllwraith et al. [49] found that
when two technologies were used to measure the count, length, and weight of microfibers
from laundering the Lint LUV-R captured 87% and the Cora Ball collected 26% by count
of microfibers. In addition, the Lint LUV-R filter reduced the weight and average length
of fibers in the washing machine effluent. Studies based on clothes dryer emissions of
microfibers have been performed. Erdle and colleagues [59] measured microfibers emitted
into the air by commercial clothes dryers using passive samplers at ten laundromats,
observing that these locations are often unregulated and unaccounted for in microfiber
mitigation strategies. Microfiber emission was also measured by placing a mesh over
dryer vent exhausts during normal household use of clothes dryers through a participatory
science approach [60]. This study required participants to record information about their
dryer use by employing a mobile phone application over the course of three months.
Using a microscope enabled by a Fourier Transform Infrared (FTIR) spectrometer, it was
found that cellulosic material found on the vents made up the largest microfiber type
measured followed by proteinaceous and polyester material. Primpke et al. [61] also
used FTIR imaging to identify and calculate microfibers and microplastics. Moreover,
Xu et al. [62] employed FTIR and Raman imaging for microplastic analysis. Given the
different approaches used in these studies for quantifying microfibers, direct comparisons is
challenging. There is a need to develop a standardized method of microfiber quantification.

Morphology is also a factor that should be considered when analyzing microfibers [41]
especially since researchers determined that morphological classification was possible with
microfibers and that the impact of this sampling protocol could be used to determine
the sources, weathering stages, and ecological risks of microfibers [63-65]. Dreillard
and colleagues used a sampling protocol which included filtration, optical and scanning
emission microscopy, and image post-processing [41]. Using these techniques, the number
and size of microfibers were determined. However, one limitation of this method was
that it did not decipher between the mass belonging to microfibers from the mass derived
from other compounds that may have been in the filtrate solutions. Also, any amorphous
compound included in the filtration step is currently undefined. In another study, Yan
and colleagues investigated the length, diameter, and surface roughness of microfibers
through calculations using a digital microscope [66]. Both natural and synthetic fibers were
analyzed through statistical analysis and Fourier Transform spectroscopy. Ultimately, three
classifications were defined where type I consisted of synthetic cellulosic microfibers and
type Il and type III largely consisted of polymers.

In a series of recent examinations [28,29], researchers saw use of the Fiber Quality
Analyzer for quantifying microfibers generated from accelerated laundering and home
laundering studies. Use of the FQA allowed researchers to quickly determine the number
of microfibers, their length and width distribution in their samples [29]. Moreover, it was
reported that among the fabrics tested, cotton and rayon samples were found to shed
more microfibers than polyester, according to the FQA. This observation was made using
detergent in laundering for all samples with the statistical exception of rayon. Overall, this
behavior was attributed to the creation of microfibers with 25-200 um in length, which were
present to a larger extent, from a count basis, than the microfibers with length > 200 um [29].
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However, despite the relative ease of use of the FQA, there was no validation presented of
possible FQA detection bias among the various investigations.

In a series of studies [67,68], Santiago Cintron and colleagues have confirmed the
importance of proper microfiber dispersion for detection of natural and synthetic samples
by the FQA. For instance, in the initial study [67], they used a probe sonicator to disperse
water suspensions of rayon and cotton microfiber samples prior to examinations with
the FQA. This short sonicator step improved detection efficiency of the FQA for these
two types of natural fibers compared to studies without the sonicator. Moreover, it was
determined that the sonication step did not cause sample fragmentation since mean length
results decreased by 5% on average for the sonicated samples [67]. A related study then
explored the use of the probe sonicator in sample preparation and showed high detections
for cotton, ramie, and viscose as natural microfibers [68]. Furthermore, in this study, the
results showed an increase in microfiber counts with sonication for cotton, flax, and viscose
at 116, 101, and 99%, respectively. Nevertheless, detection estimates for the synthetic
microfibers such as acrylic, polyester, and polyamide ranged between 14% and 77%. It
was observed that the synthetic microfibers were not well dispersed, even when using the
pulsed sonication with the FQA. These results pointed to the need for additional sample
preparation steps that can mitigate the detection bias seen for the synthetic microfibers
samples of polyester, polyamide, and acrylic. In the current study, two surfactants were
studied. One low-foaming surfactant was added at a time to microfiber suspensions, and
the impact on FQA microfiber quantification was assessed. The addition of the surfactant
to the sample preparation protocol was expected to improve microfiber wettability and
dispersion capabilities [69]. The methodology used in the study was representative of
environmental samples since it included microfibers dispersed in water suspensions which
would be found in laundering as well as marine and fresh water studies, though the current
method is simplified to avoid effects of contamination.

2. Materials and Methods
2.1. Microfiber Samples

Cotton samples were obtained from the Agricultural Marketing Service (AMS; as a
CM-129 micronaire standard) (Washington, DC, USA). Acrylic and viscose were prepared
using spinning slivers from Falls Farm, LLC (Young Harris, GA, USA). Nylon was obtained
from an industry group (USA). Polyester (PET 2.6) DAK fibers at 2.6 dtex were acquired
from (Alpek Polyester; Charlotte, NC, USA). Cotton, acrylic, viscose, polyester, and nylon
samples were run through a Thomas Model 4 Wiley mill (Thomas Scientific, Swedesboro,
NJ, USA) using a 30-mesh filter to generate microfibers. To separate the microfibers based
on size, each microfiber type was individually passed through U.S. ASTM-grade stacked
sieves, ranging in sizes of 100 (Advancetech Mentor, OH, USA), 200 (Advancetech), and
325 (W.S. Tyler Company, Mentor, OH, USA), while simultaneously being shaken for 15 min
employing a Humboldt H-4330 (Humboldt Mfg. Co., Elgin, IL, USA) and a motorized
device. PET 2.6 microfibers were collected from the 200-sized sieve. Cotton and acrylic
microfibers were acquired from the 100-sized sieve. Nylon microfibers were collected from
100 plus 325 sieves. Viscose microfibers were collected from the 100 minus 325 sieves.

2.2. Cotton Fiber Scouring Procedure

To prepare the scoured cotton microfibers used in this study, cotton from three random
places in the raw calibration fiber was used to generate 5 g of sample. Next, a fiber blender
(Custom Scientific Instruments, Easton, PA, USA) was employed to blend the cotton fiber
three times. The combined cotton sample was then placed in 750 mL of distilled water in a
1000 mL beaker. A 1% Triton aqueous solution (Fisher Scientific, Pittsburgh, PA USA) was
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then added to the beaker to maximize wettability of the cotton fiber. The sample beaker was
then heated to 95 °C and stirred for 15 min. Afterwards, sodium hydroxide (50% solution,
Fisher Scientific) was added to the sample beaker to obtain a 1.75% concentration. The
sample was then allowed to stir at 95 °C for 2 h. Next, the fiber sample was rinsed three
times by placing the cotton in beakers with approximately 750 mL of warm, distilled water.
Following the rinsing step, 0.125% acetic acid solution was added to the fiber sample at
room temperature while stirring for 15 min. The resulting cotton fibers were then rinsed
with distilled water, squeezed to eliminate surplus water, and allowed to dry overnight.
Following the drying step, the cotton sample was blended three times for a second time to
obtain a more uniform sample.

2.3. Microfiber Protocol with FQA

Experiments with and without surfactants were carried out to determine the effect of
the liquid surfactants on the suspension of microfibers using a 50 W probe sonicator (Fisher
brand model 50, Fisher Scientific, Pittsburgh, PA, USA). Microfiber samples for cotton,
acrylic, viscose, PET 2.6, and nylon were investigated with the FQA (OpTest Equipment
INC., Hawkesbury, ON, Canada). For each microfiber investigation, all microfibers were
allowed to condition overnight in a lab at 21 £ 1 °C and 65% relative humidity. Next, for
each microfiber type, approximately 0.0020 g of microfiber was weighed in a 20 mL scin-
tillation vial employing an analytical balance (Mettler Toledo XSR205DU, Mettler-Toledo,
LLC, Columbus, OH, USA). The Teric 169 surfactant was selected for this study since it
is routinely used with the Cottonscope instrument to help suspend raw cotton fibers that
still contain surface waxes. This surfactant was originally acquired from Australia and
there was difficulty in obtaining more of the surfactant due to export limits. Thus, a second
surfactant was explored as well. Since the Surfonic LF-17 surfactant was more concentrated
and more of it was present, it was selected as the second surfactant in this study. For the
Teric 169 surfactant (Huntsman, Australia), the dilution was 5 mL surfactant in 1 gallon
of deionized water. Then, the following amounts were taken from this dilution: 0 mL,
5 mL, and 10 mL. For the Surfonic LF-17 surfactant (Huntsman, USA), the dilution was
2 mL of surfactant in 1 gallon of deionized water. Then, the following amounts were taken
from this dilution: 0 mL, 0.5 mL, 1 mL, 1.75 mL, 2.5 mL, and 3.5 mL. The concentrations of
the surfactants used were chosen after optimization studies were performed to minimize
the amount needed to carry out the experiments. For the 0 mL studies for both surfac-
tants, 17 mL of filtered deionized was added to the vials following the addition of the
microfibers. Both surfactants were chosen because they had low-foaming characteristics, as
high-foaming surfactants could affect quantification studies with formation of bubbles that
could result in overestimation of the microfiber samples. For studies with the surfactant
added, the final volume of filtered deionized water in the vial was adjusted to 17 mL with
the microfibers and detergent. Next, pulsed sonication was carried out on the vials for
5 min, where pulsing was stopped every 30 s to improve suspension of the microfibers and
maintain the efficacy of the probe sonicator. After sonication, the suspended microfibers
in the vial were quantitatively transferred to a dry 600 mL Nalgene plastic beaker (Nalge
Nunc International, Rochester, NY, USA). Then, deionized water was added to the beaker
to reach 600 mL. The suspended sample was then mixed for 3 min and analyzed using the
FQA. To prepare for an FQA run, the FQA instrument was purged three times and degassed
once. Also, a purge was run before each new microfiber suspension analysis. For the Teric
169 surfactant, each microfiber sample type was run in triplicate. For the Surfonic LF-17
surfactant, each microfiber sample type was run with five replicates. Both the arithmetic
(Ln) and length weighted (L. ) mean lengths as well as fines were determined by the FQA
instrument using the equations from the manufacturer. The mean fiber count and percent
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difference for microfiber samples were calculated from the FQA reports and Excel (Excel
for Microsoft 365, Version 2304, Microsoft Corporation, Redmond, WA, USA).

2.4. Statistical Analysis

Statistical methods were performed using Microsoft Excel spreadsheets (Microsoft 365,
Version 2304, Microsoft Corporation, Redmond, WA, USA) and FQA instrument reports.
Subsequent data was entered into the JMP 17.0 software (SAS Institute Inc., Cary, NC,
USA). One-way ANOVA analyses (alpha level of 0.05) were performed for each microfiber
type at the various surfactant levels, (six groups, n = 30). Tukey’s honestly significance
difference (HSD) with 0.05 alpha was also performed comparing the detergent level for
each microfiber groups. For the connecting letters reports, groups not connected by the
same letter are statistically different.

2.5. Microfiber Morphology Studies

Scanning electron microscopy (SEM) single-fiber studies of acrylic, cotton, nylon,
polyester, and viscose were analyzed using a Quanta 3D FEG FIB/SEM (FEI Company,
Hillsboro, OR, USA). The field emission gun was operated at an accelerating voltage of
15 kV, with ranges of magnification at 2550-2600x and 4800—4900x and a gun current of
6.3 pA. Each sample was mounted on stubs using double-sided tape and had a sputtered
gold coating of 7.0 nm.

3. Results and Discussion
3.1. FQA Results of Fiber Count, Percent Difference, Arithmetic Mean Length, and Percent Fines

In recent studies employing accelerated laundering and home laundering with the
Fiber Quality Analyzer (FQA), researchers have determined the number of microfibers
released, as well as the length and width distribution from knitted fabrics comprising
cotton, rayon, and polyester [29]. In that study, it was demonstrated that this FQA imaging
and hydraulic-based system was relatively easy and fast to use, and originally gained
its popularity in use from the pulp industry [29]. Moreover, it was reported that among
the fibers tested, cotton and rayon were found to shed more microfibers than polyester,
according to the FQA. This observation was noted using detergent in laundering for all
samples with the statistical exception of rayon. Overall, this behavior was attributed to the
creation of microfibers with 25-200 pum in length, which were present to a larger extent,
from a count basis, than the microfibers with length > 200 um [29].

Microfibers from PET 2.6, cotton, nylon, acrylic, and viscose were analyzed using
an FQA imaging instrument with pulsed sonication. The FQA was used to measure the
mean fiber counts, mean arithmetic lengths, and %fines of the microfiber samples. The
studies herein were carried out to investigate whether the presence of surfactant affected
the effectiveness of forming microfiber suspensions with man-made and natural textiles
represented. Synthetic microfibers from polyester, polyamide (nylon), and acrylic have been
shown to have difficulty in forming water suspensions due to their water resistance [68]. It
has been suggested that the poor microfiber detection of these synthetic microfibers by the
FQA system results from their reduced dispersion in water [68].

Table 1 shows the fiber count, arithmetic length, percent fines, and percent difference
for polyester, cotton, acrylic, nylon, and viscose with addition of the Teric 169 surfactant,
as measured by the FQA system. Only three concentrations of Teric 169 were tested (0, 5,
and 10 mL), except for polyester in which only 0 and 5 mL of surfactant was investigated.
Polyester samples were only measured at two concentrations since there was a limited
amount of the Australian Teric 169 surfactant. In addition, the objective of the current
study was to use a minimal amount of surfactant to suspend microfibers to limit the
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formation of foam due to the surfactant, which could be detected as microfibers after
pulsed sonication. For the Teric 169 surfactant, no foam was observed once the microfiber
sample was diluted to 600 mL with deionized water. After the FQA analysis was completed
for the samples, polyester was observed to have the highest percentage difference in fiber
counts, followed by nylon and acrylic. These results were not surprising since these
synthetic microfibers were expected to have better suspension in the surfactant solution.
Polyester and cotton have the same arithmetic length and were not statistically different
in the absence of surfactant based on the standard deviation of these measurements. This
result was probably due to the cotton being less dense and having greater fineness than
polyester. In addition, cotton and viscose, which are natural cellulose-based microfibers,
had relatively no change in their mean arithmetic length when compared to results with
no surfactant used [68]. Moreover, the fiber count for cotton and viscose seemed to be
independent of the surfactant present compared to results from previous reports where
no surfactant was present [68]. In both the current study and previous study [68], cotton
had the highest fiber counts of all the samples. This may stem from its fineness and high
dispersibility. However, polyester (PET 2.6) and nylon (polyamide) had an increase in fiber
counts in the presence of Teric 169 surfactant compared to no surfactant being present
with pulsed sonication alone as part of the sample preparation. This suggests that the
wettability of these fibers increased with the surfactant present. The FQA defines fines
as the length below which can be considered as detected microfibers. In addition, the
shorter the arithmetic length, the more fines are expected and the smaller the microfibers
are projected to be.

Table 1. Fiber count, percent difference, arithmetic mean length, and percent fines for Teric 169 surfac-
tant at three levels (0, 5, and 10) for five microfiber types (PET 2.6, cotton, acrylic, nylon, and viscose).
Average measurements based on three replicates with each weighing 2 mg are reported.

i‘:ial“;’}:‘ Teric 169 0 5 10
Fiber Count 2203 + 230 5640 + 755 -
PET 2.6 (%) Diff. - 156 -
Ly (mm) 0.59 £ 0.02 0.60 £ 0.01 -
(%) Fines 8.3% 8.7% -
Fiber Count 13,399 + 1585 13,951 4+ 1150 15,234 + 116
Cotton (%) Diff. - 4 14
Ly (mm) 0.61 = 0.02 0.61 = 0.02 0.60 £ 0.00
(%) Fines 6.2% 7.5% 8.5%
Fiber Count 5886 £ 562 6307 + 483 7268 + 433
Acrylic (%) Diff. - 7 23
Ly (mm) 0.51 +0.02 0.55 £+ 0.02 0.51 +0.02
(0/0) Fines 140/0 150/0 160/0
Fiber Count 7334 + 3128 11,235 + 375 12,215 + 1070
Nylon (%) Diff. - 53 67
Ly (mm) 0.51 £ 0.02 0.50 £ 0.02 0.50 £ 0.02
(%) Fines 13% 13% 12%
Fiber Count 9011 =+ 1599 8660 + 680 9161 + 380
Viscose (%) Diff. - —4 2
Ly (mm) 0.49 £+ 0.01 0.51 +0.01 0.52 +0.03
(%) Fines 11% 10% 11%

Table 2 shows the fiber count, percent difference, arithmetic mean length, and percent
fines for polyester, cotton, acrylic, nylon, and viscose with the Surfonic LF-17 surfactant.
Again, minimal amounts of this surfactant were used to suspend microfibers to avoid foam
formation which could lead to miscounting of the microfibers. No foam was observed
once the sample was diluted with 600 mL of deionized water prior to FQA examination.
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For this part of the study, 0, 0.5, 1, 1.75, 2.5, and 3.5 mL of this surfactant was studied
with the microfiber samples. As was observed with the Teric 169 surfactant, polyester
(PET 2.6) had the highest percentage difference in fiber counts in the presence of the
Surfonic LF-17 surfactant. When comparing the two surfactants, this finding suggests
that the Teric 169 surfactant promoted better suspension and detectability of the polyester
microfibers compared to no surfactant being present. Acrylic and nylon microfibers had
the highest percentage fines, followed by viscose. This fact may be related to acrylic and
nylon having a lower mean fiber length measurement. Cotton and polyester exhibited the
longest arithmetic mean lengths (L) in the presence of Surfonic LF-17 surfactant, while
acrylic, nylon, and viscose had the shortest arithmetic mean lengths. It is of interest that
the PET 2.6 microfibers had one of the longer mean lengths in this study compared to a
previous finding, revealing that in the absence of detergent, polyester yielded the shortest
mean lengths [68]. This result was due to the fiber used in this study having a different
fineness. Cotton microfibers also had long arithmetic mean lengths.

Table 2. Fiber count, percent difference, arithmetic mean length, and percent fines for Surfonic LF-17
surfactant at five levels (0, 0.5, 1, 1.75, 2.5, and 3.5) for five microfiber types (PET 2.6, cotton, acrylic,
nylon, and viscose) based on five replicates with each weighing 2 mg are reported.

Surfactant

Surfonic

() LEa7 0 0.5 1 1.75 2.5 3.5
Fiber Count 2099 +587 4640 =+ 461 5985 =+ 625 6212 + 313 7001 + 596 7266 + 651
(%) Diff. - 121 185 196 234 246
PET 2.6 Ly (mm) 0594002  061+001  060+002  062+001 0614002 062001
(%) Fines 7.3% 5.4% 5.4% 5.3% 6.2% 5.7%
Fiber Count 15501 +984 13,031 + 1621 12,819+2336 14,971 +1354 15761 +477 13,082 + 912
(%) Diff. - ~16 —17 -3 2 -16
Cotton Ly (mm) 059+0.02  0.61+001 0.60 + 0.01 0604002 059 +0.02 0.60 + 0.01
(%) Fines 6.6% 7.1% 6.8% 7.1% 6.6% 7.3%
Fiber Count 6090 + 638 6794 + 628  6865+389  5575+440 6908 +248 5796 + 704
Acrylic (%) Diff. - 12 13 -8 13 -5
Ly (mm) 051+002 0514002  0.54+001 054+000  0.53+0.01 0.54 + 0.02
(%) Fines 14% 15% 13% 14% 14% 13%
Fiber Count 8544 825 87191162 10,600 1130 10,451 £926 12,472 874 13,079 + 1518
Nylon (%) Diff. - 2 24 22 46 53
Ly (mm) 050 £0.03  053+0.02  052+004  051+002  0.52+0.03 0.50 =+ 0.02
(%)Fines 14% 11% 11% 11% 11% 12%
Fiber Count 9544 +679 8802 +618 9578 & 503 8162 £ 437 9964 + 260 8852 + 735
, (%) Diff. - -8 0.4 —14 4 -7
Viscose Ly (mm) 0.51 + 0.01 0.50 + 0.02 0.51 %+ 0.02 0.52 + 0.02 0.51 + 0.01 0.51 %+ 0.01
(0/0) Fines 10% 100/0 10%) 100/0 110/0 100/0

3.2. FQA Statistical Results—Connecting Letter Reports

Table 3 shows the connecting letter report for polyester, cotton, acrylic, nylon, and
viscose while varying the Surfonic LF-17 surfactant levels. As depicted in Table 3, arithmetic
lengths for cotton across the six levels were not statistically different. This was true for
nylon and viscose as well. For polyester, the fiber count was statistically different for 0 to
0.5 mL levels, but for concentrations 1, 1.75, and 2.5 mL of the surfactant, these were not
statistically different. Also, 1.75, 2.5, and 3.5 mL were not statistically different. However,
1 and 3.5 mL concentrations were statistically different. For the cotton fiber count groups 0,
1,1.75, and 2.5 mL, these groups were not statistically different. Yet, for cotton fiber count
groups 0.5, 1, 1.75, and 2.5 mL, these groups were also not statistically different. However,
for cotton fiber count groups 0, 0.5, and 3.mL, these groups were statistically different.
The acrylic fiber count groups across surfactant levels 0.5, 1, 1.75, 2.5, and 3.5 shared a
connecting letter with level 0 and were thus not statistically different. The nylon fiber
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count groups 0, 0.5, 1, and 1.75 were not statistically different from each other but were
statistically different from levels 2.5 and 3.5. Conversely, nylon levels 2.5 and 3.5 shared
a letter and were not statistically from each other. Viscose had levels 0, 1, and 2.5 mL
of surfactant with connecting letters and were not statistically different from each other.
Viscose also had 0.5 and 3.5 surfactant levels that were not statistically different from each
other. Finally, viscose had 1.75 and 2.5 mL surfactant levels which did not have connecting
letters and were thus statistically different from each other.

Table 3. Connecting letters report for polyester, cotton, acrylic, nylon, and viscose microfibers with
six Surfonic LF-17 surfactant levels (0, 0.5, 1, 1.75, 2.5, and 3.5 mL). Fiber count and arithmetic groups
not connected by the same letter are statistically different.

Surfactant (mL) S‘ﬁf_‘)ll;“ 0 0.5 1 1.75 2.5 3.5
Fiber Count D C B AB AB A

FET 26 Ly C C BC BC AB A
Fiber Count A B AB AB AB B

Cotton Ln A A A A A A
Acrylic Fiber Count ABC AB AB C A BC
Ly B B AB AB A AB

Nylon Fiber Count C C BC BC AB A
Ly A A A A A A

. Fiber Count AB BC AB C A BC
Viscose Ln A A A A A A

3.3. XY Scatter Graphs Depicting Fiber Counts as a Function of Surfactant Added

In the current study, Figure 1 shows the plotted fiber count and corresponding Surfonic
LF-17 surfactant amounts for polyester. This graph depicts a polynomial 2 fit trend line and
r-squared value of 0.87735. This dependence is not surprising since the surfactant increased
the wettability of the polyester sample in the water suspensions, causing more microfibers
to be detected by the FQA. In addition, this result had been expected since the detection %
was only 14 for polyester in the absence of surfactant, as reported previously [68].

Polyester
8000 -
7000 A

6000 -

Fiber Count
S [$)]
o =)
o o
o o
! !

3000

2000 %

1000 R2 = 0.87735
T T T T T T 1
-0.5 0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
Surfactant, mL

Figure 1. XY scatter graph depicting fiber count as a function of Surfonic LF-17 surfactant levels (0,
0.5.1,1.75,2.5, and 3.5 mL) for polyester microfibers with a polynomial 2 r-squared fit (black curved
trace). The y-error bars represent the standard deviation of five replicates.

Figure 2 represents nylon microplastics fiber count as a function of Surfonic LF-17
surfactant added. This sample was demonstrated to have the only linear trend with a high
r-squared value of 0.92639. Clearly, the nylon microplastics were directly affected by the
surfactant added, as shown in Figure 3, increasing its detectability by the FQA instrument.
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This was in sharp contrast to a previous report where polyamide (nylon) and polyester were
reported to be undercounted by the FQA instrument where no surfactant was present [68].

15,000 J Nylon
14,000 +
13,000 -
12,000
11,000
10,000 4
9000 +
8000
7000
6000 -
5000
4000
3000
2000 +
1000 4 R? = 0.92639

Fiber Coun

1 2 3 4 5 6

Surfonic LF-17 Surfactant Level
Figure 2. XY scatter graph depicting fiber count as a function of Surfonic LF-17 surfactant levels (0,
0.5.1,1.75, 2.5, and 3.5 mL) for nylon. Linear r-squared fit (black trace) with y-error bars representing
the standard deviation of five replicates.

(I Polyester | cotton 18,000
0 15,000
ooy 12,000
4500 5060
3000 6000
1500 3000
g 15,000
= 12,000
4500 9000
3000 6000
1500 3000

o0 | Viscose

9000

6000

3000

1 2 3 4 5 6

Figure 3. Column histogram graphs for five microfiber samples detected with fiber counts on the
FQA instrument at six statistical Surfonic LF-17 surfactant levels (1-6): polyester (top left), cotton
(top right), acrylic (middle left), nylon (middle right), and viscose (bottom left). The y-error bars
represent the standard deviation of five replicates for each microfiber type.

The increase in fiber counts was observed from the first addition of surfactant, where
a statistically different amount was observed in the connecting letters report, as noted in
Table 3. Moreover, the benefit of adding more detergent to increase the fiber count seemed
to taper off at surfactant amount 2.5 mL, as observed in the column histogram plot of
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(d)

polyester in the top left of Figure 3. Based on the standard deviations for the arithmetic
lengths for polyester, no apparent trend was observed as Surfonic amounts increased across
the six levels.

Other fibers that were observed to have increased fiber counts in the presence of
surfactant included acrylic and nylon, as shown in Table 2 and Figure 3, where all three
fiber types were synthetic compared to the control. This result was expected, since acrylic,
polyamide (nylon), and polyester had the lowest detection percent in a previous study by
Santiago Cintron and colleagues in the absence of surfactant with pulsed sonication at 77,
43, and 14, respectively [68].

In contrast, the natural fibers, cotton and viscose, decreased in fiber counts with the
addition of surfactant, as shown in Table 2 and Figure 3. Both cotton and viscose decreased
in fiber counts with the initial introduction of Surfonic LE-17 surfactant with no clear trend
across the six levels, as shown in Figure 3. This was to be expected since, in the absence
of surfactant, a detection percent of 116 and 99 was previously observed for cotton and
viscose, respectively [68]. Moreover, cotton having such a high detection percentage was
attributed to its variability in fineness of the sample [68].

3.4. Morphology Results

Figure 4 shows the morphology of five single-fiber SEM images of viscose, polyester,
nylon, cotton, and acrylic with a magnification range of 2550-2600x. As expected, the
synthetic fibers of polyester, nylon, and acrylic showed no twist that had been observed in
the cotton sample [70]. The viscose sample, which usually has properties like cotton since
it is cellulose-based, showed multiple fused layers in the micrograph. Figure 5 depicts
the same five fiber samples at a higher magnification range of 48004900, confirming
the observations shown in Figure 4; the synthetic fibers showed single fibers, while the
cotton single fiber showed its characteristic twist nature as expected [70]. In previous
experiments with Dreillard et al., it was demonstrated that a 100% polyester fleece jacket
showed a sharp increase in the number of microfibers per kg of fabric by nearly 300% in
the presence of detergent compared to the control where it was washed only once in the
absence of detergent [41]. In that study, it was concluded that this effect may have been
due to insoluble compounds on the surface of the filter which was confirmed by SEM
imaging. However, other researchers have reported that detergent did not greatly influence
the emission of synthetic microfibers [71] nor even reduce their emissions [72]. Thus, more
studies are needed to reach a definitive conclusion in a standard method.

(b) (c)

Figure 4. ESEM images of single fibers at 2550-2600 x magnification for (a) viscose, (b) polyester,
(c) nylon, (d) cotton, and (e) acrylic fibers.
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Figure 5. ESEM images of single fibers at 4800—4900 x magnification for (a) viscose, (b) polyester,
(c) nylon, (d) cotton, and (e) acrylic fibers.

4. Conclusions

The purpose of this study was to investigate the effects of surfactants on microfiber
suspensions analyzed with pulsed sonication and the FQA imaging system. Specifically,
this analysis was carried out to address the previous limitation of examining man-made
microfibers with the FQA. Two liquid surfactants were studied, Teric 169 and Surfonic LF-
17. These surfactants were chosen due to their availability in our lab and their low-foaming
characteristics during FQA analysis. Both cellulose-based microfibers, including cotton
and viscose, and synthetic microfibers, like PET 2.6, nylon, and acrylic, were examined.
It was observed that adding surfactants to the synthetic microfiber samples (polyester,
acrylic, and nylon) enhanced their detectability and wettability compared to previous
studies where their suspensions in water were difficult. Moreover, the natural microfibers,
cotton and viscose, were well suspended within the water and seemed independent of
adding surfactant. Knowing the effect of surfactants in the present study on the microfibers
investigated is beneficial to the scientific community, since there currently exist competing
reports by previous researchers. Thus, the sample preparation used in this study before
FQA analysis seemed sufficient. Another aim of this study was to examine the arithmetic
mean lengths of the microfibers after sonication and surfactant addition. Cotton and
polyester had the highest arithmetic length means. This may not be a surprise because
cotton has been previously shown to produce long fibers. However, polyester microfibers
have been previously demonstrated to generate short arithmetic mean lengths with and
without sonication in the absence of surfactant. The percent arithmetic fines are present in
the samples at a smaller length than the maximum fine length of 0.2 mm. This parameter
seems to be highest for the microfibers having the lowest arithmetic mean length, as
represented by acrylic, nylon, and viscose. This result is plausible, since the textiles with
the shortest arithmetic mean lengths would have the most particles that are smaller than
the maximum fine length, which may lead to skewed fiber length average values. Future
studies may investigate the effect of fines on length, weighted length, and weight-weighted
average fiber lengths for natural and synthetic microfibers and compare these values to
arithmetic mean lengths for the same microfibers. Overall, the use of the FQA imaging
device proved to yield information toward the development of a standard method to study
natural and synthetic microfibers in water suspensions where sonication and detergents are
employed. Having a standard method that is quick and easy to use would be advantageous
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to further understand complex laundering and environmental studies, for example, with
less contamination concerns.
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