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Abstract

The purpose of this research was to establish the link between the surface of pristine polyester knitted fabrics before
and after alkali hydrolysis modification, as well as the composition of effluents following standard and innovative
washing processes. Using the streaming potential method, substantial variations in the surface of the pristine knitted
fabrics after ten washes in the standard and innovative washing processes were discovered in comparison to the alkali-
hydrolysed knitted fabrics. The results of the tests carried out with the selected processes establish a relation between
the properties of pristine and the alkaline hydrolysed knitted fabrics and the composition of the effluents and filter cakes.
The results revealed that the innovative washing process has the potential for further investigations into the release of

microfibers from knitted polyester fabrics.
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1. Introduction

The global issue of the past few decades has been the pres-
ence of a variety of microscopic particles, such as spheres,
fragments, and debris, or fibres, in the environment from
different sources, including wastewater, air, soil, and sedi-
ments. Microplastic (MP) is a collective name for small
plastic fragments with an approximate length of 1 to 5
mm or for fibres with a length of 3 to 15 mm and a length
to diameter ratio > 3 [1, 2]. Microfibres (MFs) are similar
in size to microplastics, but their composition is not exclu-
sively limited to plastics. Microfibres of natural origin are
biodegradable, but the functionalisation of textiles made
from natural fibres can slow down or prevent biodegrada-
tion, which can be harmful to aquatic organisms [3]. The
fragments from synthetic materials such as polyamide
(PA), polyester (PES), polypropylene (PP), polyacryloni-
trile (PAN), polyethylene (PE) and polyurethane (PU) in
the form of flexible foams pose a significant environmen-
tal threat to internal organs due to their accumulation [4,
5]. Studies indicate that synthetic textiles are a source of
secondary MPs, i.e. microplastics produced by fragmen-
tation, weathering/ageing or maintenance of larger items
[6]. Among these sources, household clothes washing has
the greatest potential for the formation of microplastics
and microfibers [7-9]. Many structural factors influence
the formation and release of microfibres when washing
synthetic textiles, including type, geometry, yarn type,
processing, etc. [4]. The extent of the changes depends on
the factors of the washing process, which are determined
by a Sinner cycle (chemicals, temperature, time, mechani-
cal agitation) [10].

Accordingly, intensive research has been conducted on
the washing process of synthetic textiles over the last

decade, with some of the research devoted to factors in
the washing process [11, 12], prevention of particle re-
lease [13, 14], installation of filters in household wash-
ing machines [15, 16] and methodology of analysis of
released particles [17, 18]. For a long time obtaining
comparable and accurate results was difficult due to the
lack of standardised methods, protocols and approaches.
The American Association of Textile Chemists and Col-
orists, AATCC, released the first technique for evaluat-
ing particle/fibre fragment release from home washing in
2021, AATCC TM212-2021 [19] which goes some way to
resolving the inconsistencies in the protocol for conduct-
ing the washing process and the method for analysing the
released particles that are dubious when assessing the ex-
tent of pollution in the effluent from the washing process.
The procedure defines key terms that are often the subject
of discussion in scientific and professional communities
when it comes to defining released particles, namely: Fi-
bre, Fibre Fragment and Microfibre [20].

Further progress followed in 2023 with the announce-
ment of three parts of the international standard ISO 4484
dedicated to microplastics from textile sources [21-23].
Standard ISO 4484-1 describes a protocol and gravimet-
ric method for material loss of all types from fabrics under
washing test conditions [21]. Detergent has been left out
of the test method due to clogging of filters during the
filtration procedure, stick to fibers and filters, which can
interfere with fiber fragment release by adding mass and
lead to misinterpretation of results. Despite these facts,
the washing process in water, without detergent, has a dif-
ferent effect on fiber fragment release than washing with
detergent. ISO 4484-2 [22] specifies a method for deter-
mining microplastics (from the textile industry) collected
in various matrices (such as textile process wastewater,
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clothes washing water, textile process air emissions,
and textile process solid waste). ISO 4484-3 [23] speci-
fies a method for measuring the collected material mass
released from the outlet hose of a standard washing ma-
chine, during the washing operation, as specified in EN
ISO 6330 [24].

The research contribution to this interdisciplinary topic
from 2020 is provided by the project HRZZ-1P-02-2020,
7575 “Assessment of microplastic shedding from polyes-
ter textiles in washing process” [25]. The research area of
this project focuses on the assessment of microplastics of
textile origin released into the environment using innova-
tive washing process and chitosan treatment of polyester
fabrics in an eco-friendly manner.

The standard method, EN ISO 6330, is adjusted in the
innovative washing process to adapt the washing param-
eters for synthetic textiles, polyester and polyester/cotton
fabrics, and knitted fabrics. Surface modification using
the biopolymer chitosan is used in the environmentally
friendly treatment of polyester and polyester/cotton fab-
rics and knitted fabrics to minimize MP shedding from
synthetic textiles into the environment. Alkaline hydro-
lysis of polyester textiles is one of existing methods for
modifying the surface of polyester to optimize its inter-
action with chitosan. This topochemical reaction in so-
dium hydroxide solution is saponification, which occurs
through the hydrolysis of ions attached to the carbonyl
group in the polyester chain [26-28].

This research focuses on the investigation of pristine and
alkaline hydrolysed polyester knitted fabric as a donors of
textile origin particles in standard and innovative washing
processes with reference detergent at 60 °C. The effects of
these processes were investigated using the fabric surface
properties before and after ten washing cycles, the com-
position of the effluents collected after ten cycles, and the
filter cake.

2. Experimental

Material

Double faced interlock standard polyester knit, MRF-0008,
Wik, Germany with a mass per unit area of 139 g/m?, Dh=
16 stitches/cm and Dv = 21 stitches/cm was used in the
research.

Alkali hydrolysis

The fabric was alkaline hydrolysed in a Mathis laboratory
apparatus for 30 minutes in a 2 % sodium hydroxide solu-
tion at 98 °C. This was followed by two hot rinse water
cycles and two cold rinse water cycles.

Washing process

The washing of pristine and alkali-hydrolysed PES knit-
ted fabric was performed in SDL Atlas Rotawash equip-
ment using the 2A protocol of standard EN ISO 6330:
2021[24] in a solution of 1.25 g/L ECE A phosphate-free
reference detergent [29] at 60 °C with a bath ratio of 1:7.
The fabric was rinsed four times with cold water at a tem-
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perature of 20 °C and a bath ratio of 1:8 after each cycle.
The innovative process follows the 2A protocol for wash-
ing, with modifications made for gradual cooling through-
out the four times rinsing. The first cycle is done at 50 °C,
the second at 40°C, the third at 30°C, and the fourth at
20 °C. After each individual wash and rinse cycle, the
effluents were collected as composite samples from 10
washings. Table 1 lists the characteristics of PES knitted
fabrics, both before and after ten washes.

Table 1. Designation and description of samples

Labels Description of standard polyester knit

P_PES Pristine

P PES-St 10 Pristine 10 times washed by standard
- — process

P PES-In 10 Pristine 10 times washed by innovative
= - process

P PES AH Alkali hydrolysed

P PES AH-St 10 Alkali hydrolysed 10 times washed by
- = - standard process

P PES AH-In 10 Alkali hydrolysed 10 times washed by
- — - mnovative process

Characterisation of the polyester knitted fabrics

The fabric surface before and after alkaline hydrolysis
and 10 washing cycles was characterised by determining
the zeta potential as a function of pH 1 mmol/L KCI using
the streaming potential method in the SurPASS electro-
kinetic analyser, A. Paar, Austria. Polyester knitted fab-
rics with a higher percentage of breaks and wrinkles are a
potential donor of particles in the wash and rinse cycles,
so their surface and appearance [30] before and after 10
wash cycles of the standard and innovative processes was
evaluated by a panel of four examiners and presented as
an average value. The surface appearance of the pristine
and 10 times washed samples after cyclic rubbing of 125,
600, 1000, 2000, 5000 and 7000 cycles before and af-
ter washing in dry condition was evaluated according to
standard method [31]. The surface of the polyester knitted
fabrics previously coated with gold and palladium for a
period of 90 s was examined with a scanning electron mi-
croscope (SEM) tt. Tescan, MIRA /LMU, Czech Republic
using magnifications of 1,000x.

Characterization of washing effluents

The effluent was separated into a filtrate and a filter cake
using membrane filtration; a glass fibre membrane with a
pore size of 0.7 um was selected for this purpose.

Since microplastic emissions are not directly monitored,
according to the Best Available Techniques (BAT) refer-
ence document for the textile industry should be consid-
ered as total suspended solids (TSS) [32, 33]. Accord-
ingly, the analysis of the composite effluent samples was
performed by determining TSS [34], turbidity (NTU) ac-
cording to [35] and pH [36]. In addition, the particle size
distribution (PSD) was determined by the laser diffraction
method using the particle size analyser PSA 1090 LD, A.
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Paar, Graz, Austria [37]. All measurements were taken in
triplicate and the results were reported as mean values.

To facilitate sampling of the filter cake sample using a
digital microscope, the fibrous formations on the surface
were counted and labelled as a preliminary measure for
the examination of the filter cake sample by pyrolysis-
gas chromatography-mass spectrometry (Py-GC/MS).
Measurements were carried out using a micro-furnace
pyrolyzer (EGA/Py-3030D, Frontier Laboratories, Ltd.)
equipped with an auto-shot sampler (AS-1020E, Frontier
Laboratories, Ltd.). The pyrolyzer was interfaced directly
to a split/splitless injection port of a GC/MS instrument
(GCMS Shimadzu QP2010 Plus). The GC injection port
was connected to a quadrupole mass detector through a
separation column (Ultra ALLOY+-5, 30 mx0.25 mm i.d.,
coated with 0.5 pum film thickness of 5% diphenyl 95 %
dimethylpolysiloxane, Frontier Laboratories, Ltd.) and a
vent-free GC/MS adapter (Frontier Laboratories, Ltd.).
The detailed analytical conditions are listed in Table 2.

Table 2. Analytical conditions for Py-GC/MS

Instrument Parameters Settings
Furnace temperature 600°C
Pyrolyzer
Interface temperature 300°C
Injection port 300°C
temperature
Column oven 40°C (2 min hold) -
temperature 320°C (20°C min ', 16
P min hold
GC Flow Control mode Pressure
GC/MS interface 300°C
temperature
Injection mode Split (split ratio: 1:16)
Carrier vas Helium (column flow
& rate: 0.87 mL min™ ')
Ion source 250°C
temperature
MS L Electron ionization
Ionization method (EI), 70 eV
Scan range m/z 29— 350

The pyrolysis temperature was preheated at 600 °C and
the resulting pyrolyzates of the sample of 0.2 mg, placed
into the deactivated stainless steel sample cup.

The qualifications and identifications of peaks in the chro-
matograms were confirmed by comparing the mass spec-
trum of each peak in the chromatogram with those in data
search libraries of F Search all in one ver. 3.8 (Frontier
Laboratories Ltd., Japan) and NIST/EPA/NIH (NIST 17).

3. Results and discussion

The effects of standard and innovative washing processes
on the surface properties of polyester knitted fabrics were
analysed by streaming potential, wrinkle appearance,

resistance to surface fuzzing and pilling and scanning
electron microscopy. Zeta potential values of pristine and
alkali-hydrolysed PES knitted fabric before and after 10
washing cycles according to standard and innovative pro-
cedures in variation of the pH of 1 mmol/L KCI are shown
in Fig. 1.
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Fig. 1a. Zeta potential of pristine knitted fabrics before and
after 10 washing cycles according to standard and innovative
process in variation of the pH of 1 mmol/L KCI

Figure la shows the zeta potential of pristine (P_PES)
knitted fabric sample as shown by a typical titration curve
[38]. The zeta potential values of polyester knitted fab-
rics washed according to standard process (P_PES-St 10)
are nearly equal to the values pristine samples. Polyester
knitted fabrics washed 10 times using an innovative pro-
cess (P_PES-In_10) had a lower negative impact than the
original sample (P_PES). When compared to the standard
wash, the knitted fabric that went through the new method
exhibited a lower negative charge, which might imply that
its hydrophilicity was improved.

Zeta potential of alkali-hydrolysed PES knitted fabric be-
fore and after 10 washing cycles according to standard

and innovative process in variation of the pH of 1 mmol/L
KCl is shown in Fig. 1b.
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Fig. 1b. Zeta potential of alkali-hydrolysed knitted fabrics
before and after 10 washing cycles according to standard and
innovative process in variation of the pH of 1 mmol/L KC1

The influence of the alkaline hydrolysis process (AH) on
the surface of the fabric is demonstrated by decreasing the
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negative value of the zeta potential compared to the origi-
nal PES fabric in the observed pH range, and the value
of the isoelectric point (IEP) of the alkaline hydrolysed
fabric confirms the modification of the surface.

Titration curves for alkaline hydrolysed polyester fabric
were identical when washed 10 times using the stan-
dard procedure (P_PES AH-St 10) and the innovative
method (P_ PES AH-In 10). The differences between the
two alkaline processes, hydrolysis and standard washing
process, are confirmed by the obtained ratios of the zeta
potential titration curves. The degree of modification of
the polyester fabric during alkaline hydrolysis is more re-
flected in the change of surface properties [26, 39, 40],
and both the standard and innovative alkali washing pro-
cesses have no influence on the surface of the alkaline
hydrolysed samples.

SEM micrograph of knitted fabrics before and after stan-
dard and innovative washing processes are shown in Fig. 2.

P PES P PES AH

i

.....

SEMHV:500KV  WD:20.17 mr
Viewfield: 2192 ym  Det: BSE

P PES_AH-In_10

P PES-In_10

Fig. 2. SEM micrographs of knitted fabrics under magnification
of 1,000x

Micrographs of PES knitted fabrics before and after 10
cycles of the standard and innovative washing processes
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reveal no modifications, showing that the washing pro-
cedures have no prominent effect on the surface of PES
knitted fabrics (Fig. 2). The micrographs of the alkaline
hydrolysed knitted fabric after the standard and innova-
tive washing processes differ. The surface of this sample
is partially peeled after the standard washing process, in
contrast to the sample washed using the innovative pro-
cess, where no surface changes are visible.

Despite this, all knitted fabrics score a 5 for resistance
to surface fuzzing and pilling, which is evaluated both
before and after 10 washing cycles using standard and
innovative methods. Grades for wrinkle appearance of
assessed after ten cycles washings of PES knitted fabrics
are summarised in Table 3.

Table 3. Surface appearance grades

P PES AH- | P PES AH-
P_PESSL10 | P_PES-In_10 | %0 In 10
2.3 3 1-2 1-2

Grade: 1- surface with many wrinkles; 5 — smooth surface

The results (Table 3) demonstrate that alkaline hydrolysed
PES knitted fabrics washed using standard and innovative
processes have a greater level of wrinkling than PES knit-
ted fabrics washed using these processes.

Characterisation of the washing effluents

Composite effluents of 10 cycles washing were evaluated
by TSS, NTU, pH listed in Table 4, and particle size dis-
tribution as shown in Fig. 3 and Fig. 4.

Table 4. Characteristics of 10 cycles washing effluents

Effluent TSS (mg/L) | NTU pH
P_PES-St 10 128.3 70.2 7.8

P _PES-In 10 150.5 68.4 8.4
P_PES AH-St 10 113.3 48.7 7.8
P_PES AH-In 10 171.5 422 8.1

When the results of the characterization of the composite
effluents from 10 cycles washing PES knits (P_PES) and
alkaline hydrolysed (P_PES AH) according to the stan-
dard and innovative processes are compared (Table 4), a
higher content of total suspended solids, TSS, can be ob-
served in the effluent of the innovative process. The surfac-
tant components in the detergent are primarily responsible
for the turbidity of the effluent. The obtained results show
that the turbidity value of alkaline hydrolysed knitted fab-
rics is lowered. The surface is modified and the structure
is opened up by alkaline hydrolysis. This modification im-
proves the surface ability to interact with detergent ingre-
dients that affect turbidity. The pH of the composite phase
effluents from the innovative washing process (pH ~ 8) is
higher than that from standard washing.
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Figure 3 shows the PSA analysis results as a particle size
distribution curve in effluents from 10 cycles of wash-
ing PES knitted fabrics using standard and innovative
methods, whereas Figure 4 shows effluent after washing
alkaline hydrolysed PES knitted fabrics using the same
processes.
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Fig. 3. Volume distribution of particle sizes in the effluent from
10 cycles washing PES knitted fabric (P_PES) using the standard
and innovative processes
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Fig. 4. Volume distribution of particle sizes in the effluent from
10 cycles washing alkaline hydrolysed PES knitted fabric (P_
AH_PES) using the standard and innovative processes

The particle size distribution curves for effluents from the
standard and innovative washing processes of PES knit-
ted fabrics (P_PES and P_PES AH) differ in shape, with
the innovative process exhibiting a greater range of par-
ticle sizes and the lowest volume distribution.

The characteristic diameters D, Dy, D,,, average diam-
eter (A) and their ratio as Span value and k parameters of
the curve computed from the acquired distribution curves
using the computer support of the PSA instrument are pre-
sented in Table 5.

Table 5. Characteristic parameters for PSD curves

Parameter | P_PES- | P_PES- | P_PES_ | P PES_
St 10 | In 10 | AH-St 10 | AH-In_10
D, (um) | 2.014 2.029 1.866 1.794
D, (um) | 10.776 | 10.130 8.641 7473

17
D, (um) | 23.748 | 28836 19.924 21.446
Average |15 046 | 13.544 10.216 10.345
(nm)
k 1.117 1.091 1.122 1.073
Span 2.017 2.646 2.090 2.630

The mean particle diameter in the effluent from washing
alkali hydrolysed knitted fabric has reduced, and equiva-
lent values are seen in the effluent from standard and in-
novative processes. The alkaline hydrolysis affects the
particles of smaller diameter in comparison to pristine
polyester knitted fabric. According to the reported ratios
of characteristic diameters, indicated as span value, the
wastewater from the innovative washing process has a
higher value. The lowest value of the shape factor k is
typical for the effluent from the innovative process in-
volving both PES knitted fabrics.

Filter cakes produced by filtering effluents from 10 cy-
cles of standard and innovative washing processes (PES
-St 10; PES -In_10; AH -St 10; AH -In_10) were ana-
lysed using Py - GC/MS. The extracted ion chromato-
graphs (EIC), with particular mass values of the selected
samples were compared. When comparing the EICs, no
significant difference was found between the analysed
samples of the cake filter sample after 10 cycles of the
standard and innovative washing processes. For the com-
parison EIC with filter cake samples (PES-St 10; PES-
In _10; AH-St 10; AH-In_10) the polyester (AATCC &
ISO) multifibre test fabric # 10A (DW) textile standard
was used. Pyrolytic decomposition of the textile standard
revealed that benzoic acid is one of its main components.
The characteristic mass spectrum and EIC of benzoic acid
with the intensities of the main m/z values of the polyester
(Terylene) textile standard is shown in Fig. 5.
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Fig. 5. EIC of standard polyester Multifiber test fabric # 10A
(DW) with characteristic mass fragments m/z of benzoic acid

A match may be detected after a specified retention period
by monitoring and comparing the EICs, with specific m/z
values typical for benzoic acid, of the standard samples
with the filter cake samples, Figs. 6-9.
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Fig. 9. EIC of filter cake P_ PES-AH-In_10

All of these results might point to polyester as the source
of the benzoic acid intensities that were seen in the filter
cake samples (Figs. 6-9).
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4. Conclusions

The surface of pristine PES knitted fabric has been af-
fected by alkaline hydrolysis, as evidenced by the zeta
potential curves.

In comparison to the innovative one, washing did not sig-
nificantly modify the surface of the PES knitted fabric,
resulting in a smaller negative surface charge.

The value of the zeta potential does not indicate the dif-
ference between the standard and innovative washing
processes of alkaline hydrolysed PES knitted fabrics.

Grade 5 for all knitted fabrics showed no tendency to sur-
face fuzz and pilling before and after 10 washing cycles.

The average particle diameter in the effluents from wash-
ing of alkali-hydrolysed polyester knitted fabric is smaller
than in the effluents from washing of pristine polyester
knitted fabric by standard and innovative washing pro-
cess.

The intensities of benzoic acid originating from the poly-
ester may be seen in the obtained programs of all filter
cakes.

The results of the research carried out using the selected
methods connect the properties of pristine and alkaline
hydrolysis modified knitted fabrics with the composition
of the effluent and the filter cake.
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