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Abstract: Microplastics (MP), consisting of particles under 5 mm in size, and fibrous
microplastics (FMPs), which originate from textiles and are shed during the washing
process, are acknowledged as a new and expanding category of pollutants. This study
aimed to conduct an analytical evaluation of the defragmentation process of polyester
fabrics featuring a prominent tri-color pile surface. The evaluation involved washing the
fabrics with detergent and water and employing various methods to assess the fabric,
wastewater, and filter cake both prior to, and following, cryogenization. The specificity
of a pile polyester fabric provided a baseline for evaluating the detergent and water
system. Subjecting the polyester fabric to five cycles of washing in a detergent solution and
water resulted in a measurable loss of mass. The pristine polyester fabric was analyzed
microscopically and by FTIR, while the fabrics before and after washing were subjected to
gravimetric analysis. The physico–chemical characteristics of the wastewater, such as the
conductivity, turbidity, and chemical oxygen demand, were impacted by the composition
of the washing bath. The application of pyrolysis, combined with gas chromatography
and mass spectrometry (Py-GC/MS), on the filter cake demonstrated the value of using
blank samples. The results indicated that both the detergent and the water significantly
affected the release of FMPs during the washing process. Polyester fabric sample 1, which
was washed in a detergent solution for five cycles, exhibited a mass loss of 1619 mg kg−1.
In contrast, sample 2, consisting of a polyester fabric washed solely in water, showed a
mass loss of 1707 mg kg−1 over the same number of cycles.

Keywords: fibrous microplastics; washing; polyester fabric; separation

1. Introduction
Textiles may act as carriers for diverse functional and active substances, such as prepa-

rations, dyes, and different finishes, in both small and large quantities. Their ability to bind
substances depends on numerous factors, including the composition of the raw materials
(natural or synthetic) and the structural characteristics (fineness, uniformity, length and cross-
section of the fibers, type of yarn (staple fibers or filaments), yarn metrics (fineness, uniformity,
density, and twist), the characteristics of the yarn (regular or open-end, hairiness) and the type
of manufacture (woven, knitted, non-woven, etc.) [1]. They release the same substances under
dry and wet conditions; the donor potential is stimulated by external chemical and physical
influences [2,3]. An additional problem is the fact that textiles also release fibrous structures,
fragments with a certain adsorption capacity, that can be carriers for the pollutants present in
the environment (water, soil, atmosphere) [4]. The source of fibrous microplastics (FMPs) is
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derived from textile products, mainly synthetic fibers (e.g., polyester) [5–7], which occur in
different forms (fibers, fragments, flakes, films, grains), types, sizes, and colors [8–12].

Due to their combination with pollutants in water, soil, and air, MPS and FMPs are also
regarded as a “pollutant cocktail” [13]. Synthetic fiber washings constitute approximately
34.8% of the primary microplastics released into oceans globally. Consequently, research
is concentrated on examining the presence and morphology of microplastic fibers [14].
The reasons why fibrous microplastics are potentially more dangerous than other types of
microplastics are outlined in a paper stating that one third of the microplastics in surface
waters are caused by microplastics released from textile products containing textile fibers
(fibrous microplastics) [15]. In 2011, the first direct assessment of washing wastewater
as a source of microplastic fibers was conducted; since 2015, studies have focused on
quantifying the release of these fibers during the washing process [16].

The process of washing and drying synthetic textiles is considered to be one of the
main causes of FMPs‘ formation, which is why a large number of studies have focused on
this topic [17–20].

The multifaceted and interdisciplinary characteristics of this issue necessitate the
use of various approaches and methodologies in research. The research outcomes and
achievements undoubtedly promoted the development and acceptance of international
standards (ISO) for textiles and textile products related to microplastics from textile sources
in 2023 [21–23]. Thus, the existence of simpler and more complex matrices in the environ-
ment may create certain threats and risks, highlighting the need for their identification and
analysis. This study focuses on the release of FMPs from a complex pile-woven structure
during the washing process, using a standard detergent and water.

The objective of this research is to quantify the impact of bath composition on the defrag-
mentation of polyester fabric featuring a pronounced pile surface during the washing process,
utilizing various approaches and methods for analyzing the fabric, wastewater, and filter cake.

A further contribution of this research involves the preparation of the filter cake
through cryogenization, enabling the analysis of the composition of the separated FMPs
via pyrolysis coupled with gas chromatography and mass spectrometry (Py-GC/MS). This
analysis will be compared against established standards for MPs.

2. Materials and Methods
2.1. Material

The fabric structure underwent a decomposition analysis, demonstrating the primary
fabric and structural units, specifically, the pile and thread. Polyester fabric has a very
specific and complex multicomponent structure [24]. The mass-per-unit area of this double-
sided weft plush, which is composed of a structure with a higher density in the base weft
(plain, twill) and a lower density in the weft floating pile, is 280 g/m2.

The raw material composition of this complex fabric, which consists of the base
structure, the pile, and the threads, was determined using FTIR. A digital microscope was
utilized to conduct a surface analysis on every component of the sample.

Samples measuring 5 × 5 cm were created using an ultrasonic cutter, model TTS 400,
from Sonowave S.r.l., Legnano, Italy, to ensure that the edges of the fabric sample remained
intact and free from defragmentation. The polyester fabric samples were prepared, weighed,
and then underwent a washing process in two different conditions, one in a detergent
solution, and the other in hard water.

2.2. Washing Process

The first washing process (1) was performed according to HRN EN ISO 6330 [25],
procedure 2A, in a Rotawash laboratory apparatus (SDL Atlas, Rock Hill, SC, USA). The
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washing procedure was conducted at a temperature of 60 ◦C over five cycles, utilizing the
reference detergent, ECE A (1.25 g/L) wfk Germany, mixed with tap water at a ratio of 1:7
for a duration of 40 min. After the washing procedure, the polyester samples were rinsed
four times with tap water at a 1:8 ratio and allowed to dry in ambient conditions.

The second washing process (2) was performed according to [25], procedure 2A, in
a Rotawash laboratory apparatus (SDL Atlas, Rock Hill, SC, USA). The procedure was
conducted at a temperature of 60 ◦C over five cycles, utilizing tap water in a 1:7 ratio for a
duration of 40 min. After the washing procedure, the polyester samples were rinsed four
times with tap water at a 1:8 ratio and allowed to dry in ambient conditions.

In order to investigate the influence of the textile material on the degree of wastewater
pollution more comprehensively, two additional processes (3, 4) were carried out to simulate
the washing process without the polyester fabric (blank tests for both the detergent and the
water). The aforementioned conditions were reiterated through five washing cycles using a
detergent solution and water at a temperature of 60 ◦C, followed by rinsing, to obtain a
composite sample of the wastewater. The wastewater samples, obtained according to the
described protocols, are described in Table 1.

Table 1. Designation of the collected wastewaters.

Label Wastewater Polyester Fabric

1 After 5 cycles washing with detergent +

2 After 5 cycles washing with water +

3 After 5 cycles washing with detergent −
4 After 5 cycles washing with water −

The protocols were conducted in six replicates, analyzing three distinct groups of
wastewater samples by measuring the pH, conductivity, turbidity, and chemical oxygen
demand (COD). The three remaining wastewater samples were processed through single-
stage membrane filtration employing a China FilterBio® polyethersulfone membrane filter,
which has a diameter of 47 mm and a pore size of 0.22 µm (FBM047PES022).

The characterization of the filter cakes labeled as 1*, 2*, 3* and 4*, which were isolated
from wastewaters presented in Table 1 via the filtration process, was conducted using
gravimetry, microscopy, and Py-GC/MS methods. The washing protocol and methods for
the analysis of the polyester fabric, wastewaters and filter cakes are presented in Figure 1.
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2.3. Methods
2.3.1. Material

Four structural units of a complex selected fabric were analyzed by Fourier transform
infrared spectroscopy (FTIR, Perkin Elmer, Spectrum 100, Shelton, CT, USA), with the
attenuated total reflection (ATR) measurement technique supported by the Spectrum 100.
Four scans were performed for each unit, with a resolution of 4 cm−1 between 4000 cm−1

and 380 cm−1.
A DinoLite digital microscope, Premier IDCP B.V. Almere, the Netherlands, was

utilized to observe and capture images of the structural units at a magnification of 50×.
The gravimetric technique was employed to monitor weight variations in the fabric

throughout five washing cycles. A Kern balance, model ALJ 220-5DNM (Hong Kong), was
utilized to measure the weight of the polyester fabric prior to (mF), and following, five
wash cycles (mF-w). This analysis aimed to assess the changes in mass of the polyester
fabric and evaluate the extent of the defragmentation.

2.3.2. Wastewaters

Physico–chemical analysis techniques were employed to assess the loading levels of
wastewater generated from five cycles of washing complex fabric using standard ECE-A
detergent and water. This was compared to wastewater collected during the washing
process conducted without the fabric, which served as blank tests for the system utilizing
detergent and water. The wastewater samples obtained following five washing cycles (1, 2,
3 and 4) were analyzed through physico–chemical methods, including analyses of the pH,
conductivity, turbidity, and chemical oxygen demand.

The procedure for determining the pH value complied with the standard protocols [26].
The pH and conductivity values were measured using a SevenCompact™ Duo S213 multi-
meter, Mettler Toledo (Cheung Sha Wan, Hong Kong) [27].

The turbidity was measured in accordance with HRN EN ISO 7027 [28] using a TU5200
turbidimeter from Hach (Ames, IA, USA).

The chemical oxygen demand values were analyzed using the WTW Photolab S6
spectrophotometer (WTW, London, UK) [29].

2.3.3. Filter Cake

The gravimetric analysis was conducted to assess the filter cake (∆m) by measuring
the weights of the filters prior to filtration (m0) and following the filtration process (m1)
using a Kern balance, model ALJ 220-5DNM.

2.3.4. Microscopic Observation

The filter and filter cakes were examined at different magnifications of 7×, 14×, 35×
and 45× using stereo microscope from the Meiji Techno EMZ series (Tokyo, Japan).

2.3.5. Sample Homogenization Prior to Pyrolysis

Filter cake samples (1, 2, 3 and 4) containing FMPs were ground to a fine powder
in a compact cryomill from Cole-Parmer, St. Neots, UK (FreezerMill 6775), according
to [30]. Prior to cryomilling, the filters were measured using a glass cup; following the
grinding process, they were weighed once more to ascertain the mass of the cryofilter.
The filter cakes were processed using a stainless-steel ball within small polycarbonate
(PC) vials. The grinding process involved an initial pre-cooling phase lasting 1 min at a
speed of 13 cycles per second, followed by alternating cycles of 1 min of grinding and
1 min of intermittent cooling. The duration of pre-cooling was determined to achieve
a glass transition temperature lower than −196 ◦C, which is suitable for most polymer
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materials. The cryo-ground samples intended for MPs analysis, along with the MPs
standards, were measured using a Mettler Toledo XPR 226CDR microbalance and placed
in an inert stainless-steel cup before undergoing pyrolysis-gas chromatography–mass
spectrometry (Py-GC/MS).

The quantitative analysis of the microplastics in separated particles required precise
sample weight measurements to ensure that they corresponded with the calibration curve
range. As a result, 0.2, 0.4, and 0.8 mg of the samples were selected for analysis (see Table 2),
after which 4.0 mg of CaCO3 was incorporated into the sample cup. All samples underwent
triplicate weighing for precision.

Table 2. Mass of the MPs cryo-samples prior to pyrolysis.

Sample Mass (mg)

1 0.225

2 0.410

3 0.845

4 0.838

2.3.6. Pyrolysis Gas Chromatography Mass Spectrometry (Py-GC/MS)

The analysis of the MPs was conducted on a GC/MS instrument (Shimadzu QP2010
Plus, Shimadzu, Japan) using separate samples following cryogenization. The GC/MS was
interfaced directly with a micro-furnace pyrolyzer (EGA/Py3030D, Frontier Laboratories
Europe, Essen, Germany), equipped with an auto-shot sampler (AS-1020E, Frontier Labora-
tories), through the split/splitless injection port. Pyrolysis was carried out at 600 ◦C, with
the interface temperature consistently held at 300 ◦C. The experiment employed helium as
the carrier gas, boasting a purity of 99.999%, and was regulated at a pressure flow control
rate of 75 kPa. The injection was executed with a split ratio of 1:50 at a temperature of
300 ◦C. The GC injection port was connected to a quadrupole mass detector through a
column system composed of a pre-column (Ultra ALLOY+-50, 2 m × 0.25 mm i.d., coated
with a 1.0 µm film thickness of 50% diphenyl and 50% dimethylpolysiloxane (Frontier
Laboratories, Ltd.), a separation column (Ultra ALLOY+-5, 30 m × 0.25 mm i.d., coated
with a 0.5 µm film thickness of 5% diphenyl and 95% dimethylpolysiloxane (Frontier Lab-
oratories, Ltd.) and a vent-free GC/MS adapter. The chromatographic sequence began
with an initial temperature of 40 ◦C for 2 min, followed by a temperature increase to 280 ◦C
at a rate of 20 ◦C per minute, held for 10 min and concluded with a rise to 320 ◦C at a
rate of 40 ◦C per minute, held for 20 min. The ion source of the mass spectrometer was
maintained at a temperature of 250 ◦C. Electron ionization (EI) mass spectra were obtained
at 70 eV, covering a mass-to-charge ratio (m/z) range of 29 to 350 amu. The compounds that
define the MPs calibration standard in CaCO3, including indicator ions for 12 polymers,
are detailed in Table 3.

The software F-Search MPs 2.1 (Frontier Laboratories, Ltd.) was used for the identifi-
cation and quantitative analysis of MPs in the separated particles. The calibration curves
were validated using polymer mixtures of 12 polymers with a microplastics calibration
standard set (Frontier Laboratories Ltd., Japan). Furthermore, the data search libraries
utilized included the F-Search all-in-one system (version 3.7) from Frontier Laboratories
Ltd., Japan. In order to avoid the accumulation of high boiling compounds in the system,
the chromatographic column was conditioned after each measurement of the MPs. The
quality-control parameters indicated that the correlation coefficient of the linear calibra-
tion curve exceeded 0.99, with a probability greater than 90% and an RSD% value for the
measured samples.
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Table 3. Characteristic compounds of the calibration standard for MPs in CaCO3, incorporating
indicator ions for twelve different polymers.

Polymer Characteristic Pyrolysates Peak Abbrevation m/z

PE 1,20-Heneicosadiene C21 82

PP 2,4-Dimethyl-1-heptene (propylene trimer) C9 126

PS 2,4,6-Triphenyl-1-hexene (styrene trimer) SSS 91

ABS 2-Phenethyl-4-phenylpent-4-enenitrile SAS 170

SBR 4-phenylcyclohexene SB 104

PMMA Methyl methacrylate MMA 100

PC 4-Isopropenylphenol IPP 134

PVC Naphthalene Naph 128

PU 4,4′-Methylenedianiline MDA 198

PET Benzophenone BP 182

N-6 ε-Caprolactam Capro 113

N-66 Cyclopentanone CP 84

3. Results
The examination of the FMPs shed from the polyester fabrics across various washing

systems was conducted through multiple methodologies, involving the analysis of textiles,
wastewater, and filters.

3.1. Analysis of Polyester Fabric

The fabric structure underwent a decomposition analysis, demonstrating the primary
fabric and structural units, specifically the pile and thread. The examination of the intricate
chosen fabrics involved microscopy, FTIR, and gravimetric analysis. The fabric of the
complex structure, which consists of four structural units, a woven basic fabric, and a pile
with three colors (red, yellow and grey), was analyzed before washing and was examined
using a digital microscope and FTIR.

Figure 2 presents the micrographs depicting the front and back sides of the
grey, red, and yellow pile, while Figure 3 illustrates the FTIR analysis of the distinct
structural components.

Figure 2 shows the digital images of the front and back sides of the structural units
of the complex structure at 50× magnification. Figure 2a is the white basic fabric with
the grey pile. Section 2b is a digital image of the back of the white basic fabric with grey
pile. Figure 2c shows the front of the red pile and Figure 2d shows the back of the red pile.
The front of the yellow pile is shown in Figure 2e; the back of the yellow pile is shown
in Figure 2f.

FTIR was used as the method with which to identify the composition of the fabric
structural units in order to later relate the composition of the separated content with the
focus on the types of MPs based on the Py-GC/MS results.

According to [31], the PET in the FTIR spectrum has a typical signal at 1710 cm−1,
corresponding to the carbonyl C=O stretching of ester bonds. Other peaks are located at
the following wavenumbers: 2970–2907 cm−1 (C-H stretching); 1579 cm−1 (C-C aromatic
stretching) 1405 cm−1; 1241 cm−1 (C-O stretching); and 871 cm−1 (C-H bending). The FTIR
analysis revealed that all the structural units consisted of polyester.
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Figure 2. Digital images of the structural units of the complex structure, magnification 50× (a) front
side of the white basic fabric with the grey pile, (b) the back side of the white basic fabric with the
grey pile, (c) the front side of the red pile, (d) the back side of the red pile, (e) the front side of the
yellow pile, (f) the back side of the yellow pile.

In intricate washing systems, the possibility of fragment accumulation in the pipes
exists, which emphasizes the significance of gravimetric analysis as a simple yet trustworthy
approach for assessing the fragments released throughout the washing process. The
standards released in 2023 validate the previously mentioned facts and the implementation
of this method. The weights of the polyester fabric samples were recorded before (mF) and
after the washing process (mF-w) to assess the materials’ conditions and, specifically, to
examine how the process parameters affect mass change. The results of the gravimetric
analysis are shown in Table 4.

The data presented in Table 4 indicate that the washes performed in the detergent
solution (1) and water (2) across five cycles influenced the loss of mass in the polyester
fabric, with the loss values being nearly the same. The results of the gravimetric analysis
did not support the hypothesis that the composition of the bath, specifically the detergent
and water, as a chemical factor, affects the loss of mass. The analysis of the polyester fabric
weight loss revealed that FMPs were released from the fabric during washing. This can be
attributed to the impact of temperature and mechanical factors, which are essential elements
of Sinner’s circle [1]. These findings are not in line with earlier studies concerning standard-
quality polyester fabrics, which indicated a mass increase after washing under comparable
conditions, nor are they in line with research results on other textile materials [32,33]. This
unexpected result required an analysis of the blank samples and the implementation of
other methods, as follows.
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Figure 3. FTIR–ATR of the structural units of double-sided weft plush polyester fabric.

Table 4. Results of polyester fabric before (mF) and after 5 washing cycles (mF-w).

Washing Process
Polyester Fabric Mass

mF (g) mF-w (g) σ (g) CV (%) ∆m (%)

1* 4.94 4.90 0.25 4.96 0.80

2* 4.86 4.82 0.57 11.64 0.82

3.2. Analysis of the Wastewater

The impact of the bath composition on defragmentation and the wastewater load
resulting from five washing and rinsing cycles was assessed by measuring the pH values,
conductivity, turbidity, and chemical oxygen demand (COD), as presented in Table 5. The
relevant values were assessed for tap water and the ECE A detergent at a concentration of
1.25 g/L.

The pH of the wastewater samples varied, ranging from 1 to 4. Samples 1, 2, and 3
exhibited alkaline characteristics, while sample 4 was neutral, slightly exceeding the pH
of hard water, which is measured at 6.96. The ECE detergents were found in wastewaters
1 and 3, leading to the anticipated alkalinity. Conversely, the pH of wastewater 2 (water)
was not as expected, particularly since hard water usually has a pH of 6.96. The alkalinity
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of the wastewater can be attributed to the process conditions that allow for the release of
alkaline residues from the polyester fabric at a temperature of 60 ◦C [1].

Table 5. Physico–chemical parameters of the analyzed solutions.

Analyzed Solutions pH κ (µS/cm) T (FNU) COD (mg O2/L)

Wastewater 1 8.04 730.3 37.7 87

Wastewater 2 7.93 741.5 4.5 149

Wastewater 3 7.89 756.4 55.3 121

Wastewater 4 7.19 890.8 6.98 21

Tap water 6.96 611.4 0.04 10

ECE A detergent 8.02 754.1 60.8 125

The conductivity of hard water is 611.4 µS/cm, which corresponds to the quality of
hard water [34], the hardness of which is 21.0 ◦dH. The conductivity values of samples 1, 2
and 3 were aligned, while sample 4 had the highest conductivity, and, thus, the highest
degree of contamination with inorganic substances. The high value is a result of the
washing process parameters that involve water and do not include the polyester fabric.
The calcite deposits were found in the wastewater because they could not adhere to the
carrier polyester fabric under the conditions of the washing process.

The turbidity of wastewater samples 1–3 differed significantly and corresponded
completely to the composition of the baths in the washing process. Sample 1 was identified
as wastewater produced during the washing of the polyester fabric with a detergent
solution. The turbidity of this sample was 37.7 FNU, showing a significant reduction from
the turbidity of the detergent solution, which measured 60.8 FNU. These differences can
be attributed to surfactant substances, which are partly responsible for the turbidity of
washing baths. This hypothesis is backed by the turbidity measurements of wastewater
sample 3, which were produced from a simulated washing process with ECE A detergent
(the blank detergent sample). Notably, its turbidity was 17 FNU units higher compared to
that of sample 1.

The COD values indicate the existence of a specific chemical load, suggesting the high
level of chemical contamination in sample 2 (COD = 149 mg O2/L), which was several
times higher than the COD determined in water (COD = 10 mg O2/L).

The COD value of wastewater 1 (87 mg O2/L) was less than that of the COD of
wastewater 2 (149 mg O2/L) as well as that of the ECE detergent (125 mg O2/L).

A possible explanation for COD value differences of samples 1 and 2 could be the
deposition of detergent on the surface of the polyester fabric (sample 1) that prevented the
release of FMP. Based on these results, it is possible to interpret the almost equal weight
loss of the polyester fabric in the processes of washing with the detergent and in water.

Polyester fabric loses fragments in the process of washing with detergent; however, at
a temperature of 60 ◦C, calcites are generated, which, as deposits, partly compensate for
the lost mass.

The COD value in blank sample 3 (detergent) was 121 mg O2/L, which is approxi-
mately equal to the COD of the detergent (125 mg O2/L).

3.3. Filter Cakes

Images of filter cakes at various magnifications are frequently examined to assess and
measure the extent of defragmentation. Consequently, a microscopic study was undertaken
to investigate the existence and forms of the FMP particles that were separated from
the wastewater.
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Table 6 displays microscopic images of both the filter and the filter cakes.

Table 6. Microscopic images of filters and filter cakes (FC) at magnifications of 7×, 14×, 35×, and
45×.
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Table 6. Cont.
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Filter cakes 1 and 2 were found to contain fragments of polyester pile in red, yellow, 

and grey colors. The filter cake surface of sample 2* (washing with water) exhibits notable 

characteristics, displaying a more uniform distribution of fragments in comparison to 

sample 1 (washed with ECE A detergent). The detergent’s heterogeneous formulation, 

featuring an aluminosilicate builder, played a role in determining the placement of 

fragments on the filter surface when compared to sample 2. The filter containing the filter 

cake from sample 3 was heavily coated with undissolved detergent components, 

obscuring the filter surface. In contrast, the microscopic image of the filter with the filter 

cake from sample 4 reveals rod-like structures that may be linked to calcite formations, 

particularly in relation to the washing process conducted at 60 °C in hard water [35]. 

The data in Table 7 illustrate the mass measurements of sample filters taken before 

and after the filtration process, aimed at separating the particles from the wastewater 

(filter cake). 

Table 7. Masses of filter (m0), filter cakes (m1) and separated content (∆m). 

Samples m0 (g) m1 (g) ∆m (g)  

1* 0.063 0.087 0.024 

2* 0.064 0.081 0.017 

3* 0.063 0.126 0.063 

4* 0.064 0.067 0.003 

When examining MPs in distinct particles, the proper pre-treatment of samples is 

crucial. The use of a cryomill can simplify the sample preparation process significantly. 

Thus, the filter cakes were cryomilled into a fine powder to create a uniform and 

homogeneous sample, which is essential for ensuring the reproducibility of the results. 

Physical/chemical parameters may have a significant impact on the filtration process and 

the content of the filter cake. The influence of the detergent on the release of MPs in the 

washing process after 5 cycles can be seen in the results obtained from the Py-GC/MS 

analysis (Table 8), characteristic of wastewater solutions (Table 5), and the mass of the 

filter cakes (Table 7). Sample 1 had the highest value of turbidity with the lowest COD 

value compared with sample 2, which corresponded with the higher values of the MPs in 

the filter cakes. Because Py/GC-MS is a very sensitive instrumental technique that involves 

sample degradation at elevated temperatures and the quantification of 12 polymers with 

specific markers, interference from ingredients other than the polymers themselves was 

not to be expected. 

Table 8. Quantitative results of MPs in filter cake samples. 

Quantitative results of MPs for sample 1 (mass 0.225 mg) 

Polymers Prob. (%) Qnty (ug) RT (min)  LOQ (ug) R2 Peak m/z 
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Filter cakes 1* and 2* were found to contain fragments of polyester pile in red, yellow,
and grey colors. The filter cake surface of sample 2* (washing with water) exhibits notable
characteristics, displaying a more uniform distribution of fragments in comparison to
sample 1 (washed with ECE A detergent). The detergent’s heterogeneous formulation, fea-
turing an aluminosilicate builder, played a role in determining the placement of fragments
on the filter surface when compared to sample 2. The filter containing the filter cake from
sample 3 was heavily coated with undissolved detergent components, obscuring the filter
surface. In contrast, the microscopic image of the filter with the filter cake from sample 4
reveals rod-like structures that may be linked to calcite formations, particularly in relation
to the washing process conducted at 60 ◦C in hard water [35].

The data in Table 7 illustrate the mass measurements of sample filters taken before
and after the filtration process, aimed at separating the particles from the wastewater
(filter cake).

Table 7. Masses of filter (m0), filter cakes (m1) and separated content (∆m).

Samples m0 (g) m1 (g) ∆m (g)

1* 0.063 0.087 0.024

2* 0.064 0.081 0.017

3* 0.063 0.126 0.063

4* 0.064 0.067 0.003

When examining MPs in distinct particles, the proper pre-treatment of samples is cru-
cial. The use of a cryomill can simplify the sample preparation process significantly. Thus,
the filter cakes were cryomilled into a fine powder to create a uniform and homogeneous
sample, which is essential for ensuring the reproducibility of the results. Physical/chemical
parameters may have a significant impact on the filtration process and the content of the
filter cake. The influence of the detergent on the release of MPs in the washing process
after 5 cycles can be seen in the results obtained from the Py-GC/MS analysis (Table 8),
characteristic of wastewater solutions (Table 5), and the mass of the filter cakes (Table 7).
Sample 1 had the highest value of turbidity with the lowest COD value compared with
sample 2, which corresponded with the higher values of the MPs in the filter cakes. Because
Py/GC-MS is a very sensitive instrumental technique that involves sample degradation
at elevated temperatures and the quantification of 12 polymers with specific markers,
interference from ingredients other than the polymers themselves was not to be expected.
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Table 8. Quantitative results of MPs in filter cake samples.

Quantitative results of MPs for sample 1 (mass 0.225 mg)

Polymers Prob. (%) Qnty (ug) RT (min) LOQ (ug) R2 Peak m/z

PET 97.63 5.98 14.29 1.5 1 BP 182

N-6 99.67 2.80 11.56 3 0.9981 Capro 113

PVC 90.53 3.50 10.73 3.5 1 Naph 128

Quantitative results of MPs for sample 2 (mass 0.41 mg)

PET 90.70 5.34 14.3 1.5 1 BP 182

N-6 99.80 3.03 11.53 0.25 0.9981 Capro 113

PC 97.73 0.68 11.58 0.5 0.997 IPP 134

Quantitative results of MPs for sample 3 (mass 0.845 mg)

N-6 99.20 5.69 11.58 0.4 0.9981 Capro 113

PVC 96.20 5.58 10.73 3.5 1 Nap 128

PC 97.70 0.75 11.58 0.5 0.997 IPP 134

Quantitative results of MPs for sample 4 (mass 0.838mg)

N-6 99.4 8.08 11.58 0.4 0.9981 Capro 113

PVC 93.8 4.92 10.73 3.5 1 Nap 128

PC 99 0.983 11.58 0.5 0.997 IPP 134

The concentrations of released MPs, along with the corresponding quality-control
parameters for the method, are presented in Table 8. In order to determine the content of
released MPs quantitatively for Py-GC/MS analysis, it was necessary to adjust the mass of
the samples.

The extracted ion chromatograms (EICs) for the MPs derived from sample 1, sample 2,
and the blank samples (sample 3 and sample 4) are presented in Figures S1–S4, alongside
the characteristic indicator ions from the standard.

4. Discussion
The results of earlier studies have shown that 100 to 300 mg kg−1 of washed textiles

are released during household washing processes [36]. The polyester fabric sample 1, which
was washed in a detergent solution for five cycles, exhibited a mass loss of 1619 mg kg−1.
In contrast, sample 2, consisting of a polyester fabric washed solely in water, showed a
mass loss of 1707 mg kg−1 over the same number of cycles. The slightly higher values of
the released FMPs can be attributed to the higher number of washing cycles and the pile
surface of the analyzed fabric. The results of the gravimetric analysis did not coincide with
the results of previous studies, which confirmed the influence of detergent on the increased
release of FPMs [33,37]. However, the degree of chemical loading of the wastewater (actual
and blank samples) as well as the Py-GC/MS analysis of the filter cake were not aligned
with the results of the gravimetric analysis. The reference detergent, ECE A, contains an
insoluble aluminosilicate builder that influences the formation of deposits on the surface
in hard water, which was confirmed by the filter cake of the blank sample for water
(sample 4). Finally, it is important to point out that the insufficient number of standardized
protocols for the assessment of FMPs released during the washing process, combined with
the complexity of the textile properties and the factors of the washing process, causes
difficulty in making comparisons between the methods used, the results obtained, and
their interpretation [37].
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In relation to the mass of the samples used for analysis, sample 1 displayed the highest
levels of released polyester MPs, in contrast to samples 3 and 4, which showed the lowest
levels of MPs (the presence of N-6, PVC, PC). Apart from the mass of the sample, the release
of MPs is related to the washing process itself and the strong influence of the detergent
in the washing process. No other polymers from the calibration standard set of 12 were
found in the samples tested, or their concentrations were below the quantification limit
established by the method used. The analysis after pyrolysis demonstrated that in samples
3 and 4 (see Table 8), which serve as blank samples or simulations of the washing process
without polyester fabric, there were no detectable traces of the released PET polymer.

In order to verify these claims further, the mass of the sample was doubled, and
pyrolysis of the samples was performed again. The probability rate and concentrations
of the released PET MPs were significantly below the set values and below the limit of
quantification. Although the results in samples 3 and 4 (Table 8) regarding the PET polymer
MPs were expected, the detected traces of the released PC polymer MPs with a high
probability rate were somewhat surprising. The released PC MPs can be attributed to the
milling process, because the filter cakes were milled using a stainless-steel ball in small PC
vials. Vials composed of PC polymers could potentially be the source of contamination, as
evidenced by the detection of the released PCs in the analyzed samples.

Generally, the analysis of the filter cakes for sample 4, which acted as a blank for the
water-wash wastewater without the presence of detergent, demonstrated a higher level of
released microplastics in comparison to sample 3, where detergent was utilized during the
washing process.

In the filter cakes corresponding to samples 3 and 4, traces of microplastics originating
from PVC and N6 were detected, as indicated in Table 8. Considering that the samples
contained only water and detergent, the presence of PVC and N6 can be linked to the
detergent in sample 3 as the source of contamination.

Figures S3 and S4 present the extracted ion chromatograms (EIC) for the released
MPs derived from sample 3 and sample 4, alongside the characteristic indicator ions from
the standard.

After five cycles of washing with detergent, sample 1 demonstrated higher levels of
released microplastics in comparison to sample 2. Sample 1 showed the highest concentra-
tion of released microplastic particles of PET and N6 (Table 8). In light of the significant
concentrations of released MPs, it became necessary to minimize the sample volume to
ensure compatibility with the calibration curve area for quantifying sample 1. The detected
higher MPs concentrations can be attributed to the strong influence of detergent on the
washing process. Following five cycles of washing with detergent (blank sample 3) and
water (blank sample 4), the presence of released particles of N6 and PVC microplastics
was observed. It is clear that the release of polyester microplastic fibers was significantly
affected by the detergent used, which had a greater impact on the release of microplastics
than the washing process with water alone, as indicated in Table 8. During the implementa-
tion of this research, in order to avoid contamination and system errors, we avoided direct
contact of the solutions as well as the filter cakes with any type of plastic and preferred,
instead, the use of glassware. The manufacturer recommended the use of this type of
mill for the analysis of MPs. The Py/GC-MS system in this research was optimized for
the quantitative determination of MPs with F-Search MPs 2.1 (Frontier Laboratories, Ltd.)
software. PC MPs were detected in all samples except in sample 1. Compared to the other
measured amounts of microplastics, PC was observed in the lowest concentrations, which
we assume was due to contamination. As the focus of this work was solely on the detection
and quantification of PET microplastics, the low detected concentrations of PC should
not have any impact on the final results of this study. The only logical solution for the
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obtained results for the PC-MPs that came to our mind was direct contact of the sample
with cryo-milling vials during the milling process.

5. Conclusions
The analysis of the polyester fabric, conducted before and after undergoing five

washing cycles with ECE A detergent and water, demonstrated a measurable loss in mass.
The surface tri-color pile of the complex structure of the polyester fabric contributed to the
release of FMPs during the 5 washing cycles, which were conducted separately from the
wastewater samples (sample 1 and sample 2). The lack of fabric in blank samples 3 (for
detergent) and 4 (for water) was beneficial for analyzing the composition of the wastewater
and the filter cake. Based on these results, there is a need to apply several methods for
analyzing the influence of detergent and water in order to better connect the textile material,
wastewaters, and filter cake. The results confirmed that this complex fabric with a tri-color
pile has the potential to release FMPs when washed with detergent and water; therefore,
future studies will also consider the influence of drying. Furthermore, given these findings,
future research should include additional testing with another grinding system, such as,
for example, a cup made of stainless steel.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations12020028/s1, Figure S1: Extracted ion chromatograms
(EIC) MPs obtained from sample 1* and compared with characteristic indicator ions from the Standard;
Figure S2: Extracted ion chromatograms (EIC) MPs obtained from sample 2* and compared with
the characteristic indicator ions from the Standard; Figure S3: Extracted ion chromatograms (EIC)
MPs obtained from sample 3* and compared with the characteristic indicator ions from the Standard;
Figure S4: Extracted ion chromatograms (EIC) MPs obtained from sample 4* and compared with the
characteristic indicator ions from the Standard.
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