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The clothes washing industry generates large volumes of laundry wastewater that, in principle, can be well
treated by ceramic membrane filtration. However, the fouling of ceramic membranes by fibers/fragments from
laundry wastewater could result in a decrease of the water permeance across the membranes. In this study,
synthetic wastewater containing cotton, linen, polyester, and nylon fibers and real wastewater were character-
ized and prepared for the filtration experiments, which were conducted at a flux of 70 Lm~2 h~? using an alumina
(Al,03) membrane and a silicon carbide (SiC)-coated Al,O3 membrane. Results revealed that natural fabrics,
particularly cotton and linen, released higher chemical oxygen demand (COD) loads than synthetic fibers when
tested at equal mass, which was further supported by microscopic and SEM imaging. The SiC-coated membrane
exhibited a relatively lower reversible and irreversible fouling, attributed to its highly negatively charged sur-
face, which repels the fibers that are negatively charged by negatively charged surfactants. The observed fouling
among different fibers corresponded well with the COD levels of the synthetic laundry wastewater containing
those fibers. Laser direct infrared imaging (LDIR) analysis confirmed that natural fibers dominate in real laundry
wastewater. Treating hot laundry wastewater was more effective in reducing both reversible and irreversible
membrane fouling than treating it at room temperature. Moreover, the filtration of hot laundry wastewater could
facilitate the recovery and reuse of water, surfactants, and heat, offering a sustainable solution to reduce both
water consumption and energy costs. This study underscores the importance of paying closer attention to natural
fibers, as they tend to cause more severe membrane fouling compared to synthetic fibers in ceramic membrane-
based water treatment systems.

1. Introduction offer several advantages over polymeric membranes, including a higher

mechanical, thermal and chemical stability, as well as lower fouling

Large flows of laundry wastewater are discharged during the
washing of synthetic garments, releasing over five trillion plastic frag-
ments on the ocean’s surface [1]. Several authors have studied various
treatment technologies to treat laundry wastewater including micro-
filtration (MF) [2], ultrafiltration (UF) [3], coagulation [4], and
advanced oxidation [5]. Yang et al. reported that during the domestic
washing of synthetic fabrics, submicrometric particles with sizes ranging
from 100 to 600 nm are released [6], thus, UF have been considered to
be the most promising approach for removing these submicrometric fi-
bers, making it also an effective option for the reuse of the laundry
wastewater [7].

However, fouling remains the primary challenge when using UF
membranes for treating laundry wastewater [8]. Ceramic membranes
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tendencies [9-13]. These benefits make them particularly suitable for
treating laundry wastewater in high-temperature and chemically harsh
environments [3,7]. The first study on the evolution of the ceramic
membranes fouling for laundry wastewater treatment was done by the
Kim et al., who reported that ceramic UF membranes have successfully
been applied for both the synthetic and real laundry wastewater treat-
ment [3]. Kim et al. also reported that ceramic membranes can be
regarded as a potential alternative for the traditional microplastic filter
for the treatment of the household washing wastewater [14]. The
ceramic UF membrane was effective at removing suspended particulates
in real laundry wastewater but less effective in rejecting organic matter
[3]. A large amount of microplastic fibers was found in the laundry
wastewater [15], having varying shapes, including fibers, films, foam,
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and granules [16,17], and sizes from 0.1 pm to 2 mm [17]. FTIR and
Raman microspectroscopy are the most commonly used techniques for
identifying MPs based on their vibrational spectra, with detection limits
of approximately 20 pm and 1 pm, respectively, due to spatial resolution
constraints and fluorescence interference [18]. Smaller microplastics
could be detected using FlowCam, which allows detection over a broad
size range from 0.9 to 1000 pm [19,20]. Apart from that, thermal
analysis methods such as pyrolysis gas chromatography mass spec-
trometry (Py-GC/MS) could quantify microplastics based on mass con-
centration, independent of particle size [21].

Silicon carbide (SiC) and alumina (Al;O3) ceramic membranes are
commercially available and widely used in wastewater treatment ap-
plications, standing out among other ceramic membranes
[10,11,22-24]. Our previous studies showed that the SiC-coated Al;03
membranes exhibited a lower reversible and irreversible fouling than
the Al;03 membrane for the filtration of oil-field produced water [25].
Hyeon et al. also found that SiC membranes are more effective than
AlyO3 for laundry wastewater treatment because they have a higher
negative zeta potential (—24.3 mV) compared to the Al,O3 membrane
(—4.7 mV) at a pH of 6 [17]. Synthetic fabrics such as nylon and poly-
ester, as well as natural fabrics, including cotton and linen, are
commonly used materials in fabric production [26]. It has been reported
that the natural fibers can make up 55% of the total fibers found in
laundry wastewater and these fibers take 1 to 5 months to fully biode-
grade in the natural environment [26,27]. However, most studies have
primarily focused on ceramic membrane fouling caused by filtering
synthetic laundry wastewater containing synthetic microplastics fibers
rather than the natural fibers [3,8,14]. To the best of our knowledge,
ceramic membrane fouling caused by natural fiber has not been quan-
titatively analyzed yet. Therefore, in this study, fouling induced by
fabric fibers, especially the natural fibers, using positively charged Al,O3
membranes and negatively charged SiC ceramic membranes is pre-
sented. Filtration experiments were carried out in a constant flux
crossflow mode, using both synthetic and real laundry wastewater. The
experiments were set up to evaluate how membrane properties, and
laundry water characteristics, including temperature and fibric types,
influence membrane fouling, thus, giving proper solutions for the
membrane fouling mitigation and promoting water reuse and heat
recycle in laundry industry.

2. Materials and methods
2.1. Materials

Fabric materials made of 100% cotton, 100% nylon, 100% linen and
100% polyester were purchased from a local store and used to prepare
the synthetic laundry wastewater. The anionic surfactant, sodium
dedecyl benzene sulfonate (SDBS, powder, 289957-500G), was pur-
chased from Sigma-Aldrich, the Netherlands.

SiC-deposited AlpO3 membranes were obtained via low-pressure
chemical vapor deposition (LPCVD) using two precursors (SiHxCl, and
CoHy) at a temperature of 860 °C, following the procedure described in
our previous work [28]. Tubular Al,O3 membranes supplied by Coor-
sTek Co., Ltd., were used as substrates for LPCVD. The membranes
without coating and those with a coating time of 20 min were labeled as
CO and C20, respectively. The tubular CO and C20 membranes have a
length of 10 cm each, with an outer diameter of 10 mm and an inner
diameter of 6 mm (Fig. S1), corresponding to a total wall thickness of 2
mm. The separation layer of the CO membrane has a thickness of 24 pm,
while that of the C20 membrane is also 24 pm, because the additional
SiC coating layer was only approximately 18 nm. These values are
confirmed by the cross-sectional morphologies of the CO and C20
membranes and the EDX net intensity mapping of SiC-coated alumina
particles on the top surface of the separation layer (Figs. S2a-b and S3).
The EDX line-scan analysis and cross-section SEM images of the C20
membrane revealed that the SiC coating penetrated to a depth of
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approximately 2.5 pm (Fig. S4). The measured pore sizes were 41 nm for
CO0 and 33 nm for C20, with corresponding water permeabilities of 360
+12Lm 2h ! bar ! and 202 + 8 Lm 2 h™! bar™}, as reported in our
earlier study [28].

2.2. Membrane characterization

Surface SEM images of the CO and C20 membranes were captured
using a NovaNanoLab 600 system (FEI, USA), while their zeta potentials
were determined with a SurPASS 3 electrokinetic analyzer (Anton Paar,
Graz, Austria). The capillary flow porometry (Porolux 500, IBFT GmbH,
Germany) was employed to measure the mean pore size, and pore size
distribution of the pore size of the CO and C20 membranes. More in-
formation regarding the calculation of the pore size distribution is given
in the Supporting Information Text S2. The pore size distribution is
shown in the Fig. S5.

2.3. Synthetic and real laundry wastewater

To investigate the effect of the charge of the synthetic laundry
wastewater on membrane fouling, various synthetic laundry wastewater
were prepared. The washing machine (WGG04408, Bosch, Germany)
was cleaned by running empty cycles before the preparation of the
synthetic laundry wastewater. Linear alkylbenzene sulfonates (LASs) are
key anionic surfactants commonly found in detergents, including
laundry powders and dishwashing liquids [29]. SDBS, a specific type of
LAS, was used as a detergent, with 0.75 g/L added to the 30 L DI water
and the 2.5 kg polyester cloth during the washing procedure, based on
the work of Hernandez et al. [30]. The same procedure was applied to
the preparation of the synthetic laundry wastewater, each containing
either 2.5 kg cotton, 2.5 kg nylon, 2.5 kg polyester, or 2.5 kg linen fibers.
The real laundry wastewater was collected from a laundry company, Elis
B.V., located in Uden, the Netherlands. The detergent usage was
measured per kilogram of clothing, with an average consumption of 10
+ 1.5 mL per kilogram. The detergent used (Dermasil Plus) has a density
of 980 g/L, corresponding to approximately 9.8 - 1.5 g of detergent per
kilogram of fabric, which was comparable to the dosage used in the
synthetic wastewater (9 g/kg). The washing process utilized approxi-
mately 14 + 1 L of water per kilogram of clothing. The laundry waste-
water was generated from the following washing programs. The
prewash was conducted at 45 °C, the main wash at 60 °C, and the cool-
down at 40 °C. The particle size distributions of the fabric fibers in the
feed water were analyzed with a particle size analyzer (Bluewave,
Microtrac, USA). Meanwhile, the particle size distribution of the
permeate water and the laundry wastewaters’ zeta potential was
measured using a Litesizer (DLS 700, Anton Paar, Austria).

2.4. Filtration experiments with synthetic and real laundry wastewater

Fouling experiments were conducted using a constant-permeate-flux
crossflow setup (Fig. S6). A constant flux of 50 Lm 2 h! for the real
laundry wastewater and 70 Lm~2 h™! for synthetic laundry wastewater
was selected, based on the threshold flux values determined for the CO
and C20 membranes, respectively. These threshold flux values were
determined though the conventional flux stepping method [28,31,32].
Full details of the filtration set up and filtration protocol are provided in
the Supporting Information (Text S1). The corresponding membrane
permeabilities for both real and synthetic laundry wastewater are
summarized in Table S1. For the CO membranes, the permeability
ranged from 288 to 361 Lm 2 h™! bar™! for the synthetic laundry
wastewater and was 339 Lm ™2 h™! bar~! for the real laundry waste-
water. In contrast, the C20 membranes exhibited lower permeabilities,
ranging from 184 to 206 Lm~2 h™! bar ! for the synthetic laundry
wastewater and 205 Lm ™2 h™! bar~! for the real laundry wastewater.
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2.5. Qualitative and quantitative microplastic fiber characterization

Three methods were used to characterize the release of the fabric
fibers. In the first method, the fibers in both synthetic and real laundry
wastewater, including feed and permeate samples, were analyzed using
a digital microscope (VHX-5000, magnification x 1000) equipped with a
wide-range zoom lens (VH-Z100R). Multiple images with a resolution of
1600 x 1200 pixels with a scale bar of 100 pm were captured for each
feed and permeate sample to quantify the number of fibers per milliliter.
In the second method, laser direct infrared imaging (LDIR) was used to
identify the type and the number concentration of microplastic fibers in
the real laundry wastewater [7,33]. The analysis was performed using
Agilent Clarity software, which first scanned the sample at a selected
wavelength to locate all fibers and then automatically collected a full
infrared spectrum for each one [34]. The obtained spectra were
compared in real time with a reference spectral library containing both
synthetic polymers (Figs. S12 and S13a) and natural fibers (Fig. S13b-c).
In the third method, the fabric fibers in the synthetic laundry wastewater
were analyzed using Fourier transform infrared (FTIR) spectroscopy
(Nicolet™ iS50, Thermo Fisher Scientific, USA). The analysis was con-
ducted in attenuated total reflection (ATR) mode over a wavenumber
range of 500-3600 cm™'.The scans were performed 60 times with a
resolution of 4 em™?, and the data spacing was set at 0.482 cm ™. Every
FTIR measurement was conducted in duplicate.
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3. Results and discussion
3.1. Synthetic laundry wastewater properties

The FTIR spectra (Fig. 1a) were obtained to confirm the chemical
compositions of the commercially purchased fibers and to compare them
with reported spectra in literature. Linen and cotton fibers are primarily
composed of cellulose, therefore, the key absorption peaks included
1100 ecm ! (C—0), 2900 cm ! (C—H), and 3400 cm ! (O—H). For the
polyester fibers, the key absorption peaks included 1100&1260 cm ™!
(C—0), 1600 em™! (C=C) and 1712 ecm ! (C=0), which is in accor-
dance with the absorption peaks given in literature [35,36]. For the
nylon fiber, the absorption peak at 3299 cm ™! confirms the presence of
amine stretching, while the peak at 1633 cm ™! indicates amine carbonyl
stretching in the structure. These results are in line with the ATR-FTIR
spectra of these fibers that have been reported in literature [35,36].
Overall, the results confirm that the fibers used in this study had the
expected chemical structures. The particle size distribution of the syn-
thetic laundry wastewater is shown in Fig. 1b. The average particle sizes
for cotton, nylon, linen and polyester fibers were 11.35 + 1.72 pm,
12.62 £ 1.21 pm, 25.45 + 2.36 pm, 3.97 £ 0.23 pm, respectively. In
contrast, Yang et al. reported the release of smaller submicron particles
(100-600 nm) during the domestic washing of 12 different polyester
fabrics. The washing experiments were carried out using a Gyrowash lab
washing machine (James Heal, Model 1615), which contains eight steel
containers designed to simulate household washing conditions [6].
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Fig. 1. (a): The FTIR spectra of the fabric fibers. (b): The fiber size distribution of the synthetic laundry wastewater. (c): The zeta potential of the synthetic laundry
wastewater containing cotton, linen, nylon, polyester fibers and the CO and C20 membranes soaking into the SDBS solutions. (d): The COD concentration and
turbidity of the synthetic laundry wastewater containing cotton, linen, nylon, polyester fibers.
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Meanwhile, Barrick et al. reported larger microfiber sizes for cotton,
nylon, and polyester, averaging 20.46 + 5.36 pm, 25.37 + 5.24 um, and
30.51 + 5.09 pm, respectively [37].

Cotton and linen fibers are both cellulose-based and hydrophilic
[381, but when soaked in a negatively charged surfactant solution, linen
fibers (derived from flax) typically exhibit a less negative zeta potential
(—16.9 £ 2.3 mV) than cotton fibers (—20.1 + 1.4 mV), as shown in
Fig. 1c. This difference is attributed to the lower concentration of surface
carboxyl groups present on linen fibers, as well as less adsorption of the
negatively charged surfactant due to their hydrophilic nature [39,40].
At neutral pH (pH = 7), nylon fibers lose most of their positive charge
due to the deprotonation of amide groups, indicating a near-neutral
surface [41]. However, when nylon fiber are released from fabric and
interact with SDBS surfactant, the negatively charged SO3 groups of the
SDBS adsorb onto nylon fibers. Additionally, the hydrophobic nature of
nylon fiber further promotes adsorption of the SDBS molecules, partic-
ularly of the surfactant’s hydrophobic tail. This combined adsorption
caused a shift in the zeta potential to —23.3 + 1.2 mV, a more negative
value than those observed for cotton fibers and linen fibers. Polyester
exhibits an even higher surface hydrophobicity than nylon [42], and
tend to adsorb more SDBS surfactants by hydrophobic interactions.
Thus, the zeta potential was —33.6 + 1.8 mV, more negative compared
to nylon, cotton, and linen. Ladewig et al. have reported that at a pH of
10, synthetic fibers (polyester) exhibited a higher zeta potential of —69
mV, compared to natural fibers (cotton), having a zeta potential of
—24.5 mV [40]. Similarly, Ripoll et al. have reported that at alkaline pH,
natural fibers, such as cotton and bamboo, had a lower absolute value of
zeta potential, compared to synthetic fibers like polyamide (PA) [43].
This difference has also been attributed to the higher zeta potential of
hydrophobic fibers (e.g., PA) compared to the more hydrophilic fibers
(e.g., cotton) [43].

When the membranes were soaked in the SDBS solution, the zeta
potentials of the CO and C20 membranes were — 41.7 + 2.4 mV and —
60.8 + 3.1 mV, respectively. This indicates the presence of electrostatic
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repulsion between the membrane surfaces and the fibers.

The COD concentrations of the synthetic laundry wastewater, after
the washing of 2.5 kg of the respective clothes, containing polyester,
nylon, cotton and linen, were 2059 + 13 mg/L, 1680 + 16 mg/L, 2689
+ 21 mg/L, 2440 + 25 mg/L, respectively (Fig. 1d). The possible
explanation for the differences in COD is that natural fibers are more
prone to abrasion and damage and, thus, when subjected to friction and
mechanical forces, they are more likely to release fibers [44]. However,
the synthetic laundry wastewater containing polyester had a higher
turbidity than the feed water containing nylon, cotton, and linen,
probably due to the higher presence of smaller, suspended particles and
fine fibrous fragments that scatter light (Fig. 1d) [45].

The fabric fibers had elongated and irregular shapes, and particularly
those with a high aspect ratio (length/diameter) were long with a nar-
row diameter, being potentially able to penetrate membrane pores
(Fig. 2). The microscopic image of the cotton shows the relatively small
and uniformly distributed fibers, suggesting the release of finer fibers,
which contributed to the highest COD levels. In contrast, microscopic
image of nylon displays a clean appearance with minimal visible resi-
dues, corresponding to its lowest COD concentration (1680 + 16 mg/L),
indicating limited nylon fiber release. The microscopic image of the
linen shows the clearly visible fibrous fragments, corresponding to its
second highest COD concentration. Polyester shows scattered but
noticeable fibrous structures and small particles, aligning with a mod-
erate COD value (2059 + 13 mg/L).

3.2. Real laundry wastewater properties

The fabric fibers had an average particle size of 15.81 + 0.67 pm,
with a maximum size of 104.7 pm (Table 1 and Fig. 3). The small sizes of
the fibers can be attributed to the potential degradation of natural fabric
fibers or the desorption of their adsorbed contaminants, which may
release smaller substances (e.g., dyes, monomers, finishing chemicals)
[40]. This process could deteriorate water quality and accelerate

Fig. 2. Microscopic images of the cotton, polyester, nylon and linen fibers in the feed water.
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Table 1
Characteristics of the real laundry wastewater.

Parameters Real laundry wastewater
Turbidity (NTU) 318 £ 11
pH 7.91 £ 0.29
Conductivity (mS/cm) 1.23 £+ 0.02
COD (mg/L) 4014 + 154
Zeta potential (mV) —30.77 £ 0.42
Mean particle size (pm) 15.81 + 0.67
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Fig. 3. The particle size distribution of the real laundry wastewater.

membrane fouling. The zeta potential of the laundry wastewater was
—30.77 + 0.42 mV (Table 1), due to the presence of anionic and non-
ionic surfactants [46].

In order to accurately distinguishing and identifying the percentage
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and species of synthetic and natural fibers in real laundry wastewater,
the LDIR technique was used to analyse the real laundry wastewater
sample. Out of the 722 + 17 particles detected, the composition of 656
+ 21 particles was successfully identified by matching their FTIR spectra
with reference spectra from the software library, using a minimum
confidence threshold of 65%. Fig. 4a shows the fiber length distribution,
and Fig. 4b shows the fiber material distribution of the real laundry
wastewater. The fiber identification spectra from the LDIR software are
shown in Fig. S12. According to the Fig. 4a, the majority of the fibers
have lengths ranging from 0 to 50 pm, as indicated by the particle size
distribution results. The LDIR analysis (Fig. 4b) revealed that 67.8% +
1.6% of the fibers in the sample were natural, including 49.8% =+ 0.9%
cellulose-derived fibers (e.g., cotton and linen) and 18.9% =+ 1.8% nat-
ural PA fibers, which including wool and silk [47]. Natural and synthetic
polyamides were distinguished by their characteristic infrared absorp-
tion bands (Fig. S13a-b), particularly in the amide I (1600-1800 em ™)
and amide II (1450-1570 cm™ 1) regions. The remaining fibers were
synthetic, consisting of 9.8% =+ 1.2% polyethylene terephthalate (PET),
6.4% + 0.7% acrylates, 5.6% + 0.8% PA, and 4.0% =+ 0.7% Poly-
urethane (PU), along with smaller fractions of 4.2% + 0.6% methyl-
cellulose, and 2.3% + 0.4% polytetrafluoroethylene (PTFE). These
results indicated that natural fibers dominate in real laundry waste-
water. It is reported that the natural fibers such as cotton and linen could
make up 55% of the total fibers in the laundry wastewater [27]. These
cellulose-based fibers serve as an easily accessible carbon source for
microorganisms. In contrast, polyester and nylon, due to their hydro-
phobic nature and non-sugar-based composition, are not biodegradable
[48]. With the number of fabrics fiber in the real laundry wastewater
and the volume of the feed water, an total fiber concentration of 4.23 x
10* L7! including 2.86 x 10* L™! natural fibers and 1.37 x 10* L™}
synthetic microplastic fibers was calculated.

3.3. Membrane fouling with synthetic laundry wastewater

The UF ceramic membranes were selected for the fouling experi-
ments because, based on the fiber size distribution of synthetic laundry
wastewater containing polyester, approximately 18% of the particles
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Fig. 4. (a) Fiber length distribution and (b) fiber material distribution of the real laundry wastewater.
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were smaller than 100 nm (Fig. 1b). The normalized TMP fouling curves,
shown in Fig. 5, indicate that cotton fibers caused the most severe
membrane fouling, followed by the linen, polyester and nylon. Among
them, linen fibers resulted in the highest irreversible fouling, probably
due to the lower zeta potential of linen fibers (—16.9 + 2.3 mV), which
reduces the electrostatic repulsion between the fibers and the CO and
C20 membranes, promoting stronger adhesion and irreversible
deposition.

The trend of membrane fouling is consistent with the COD
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concentrations, which is in the order of cotton > linen > polyester >
nylon (Fig. 5a-e). As shown in Fig. Se, reversible fouling resistance was
dominant for both the CO and C20 membranes, indicating that cake
layer formation is the primary fouling mechanism. Further details on the
thickness of the cake layer are provided in Fig. S11. The normalized
permeance curve showed similar fouling trend as indicted in the
normalized TMP curve (Fig. S7a-d). To evaluate whether surfactants
contribute to membrane fouling, pure SDBS surfactant solutions were
filtered. The results showed that the surfactants did not cause either
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Fig. 5. The normalized TMP curve of CO and C20 membranes for different types of laundry wastewater including (a): Polyester, (b): Nylon, (c): Cotton, (d): Linen;
(e): Normalized fouling resistance of CO and C20 membranes for different types of synthetic laundry wastewater. (f): Turbidity and COD rejection of CO and C20

membranes for various types of synthetic laundry wastewater.
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reversible or irreversible fouling of the CO or C20 membranes, as indi-
cated by the unchanged TMP with the increase in filtration time at the
flux of 70 Lm 2 h! (Fig. S8). Fig. S9a shows the increase in the
normalized TMP over time during filtration of SDBS solution at 100
Lm~2 h™!. Both membranes exhibited a gradual increase in TMP; how-
ever, the CO membrane showed a higher TMP increase compared to the
C20 membrane. Correspondingly, Fig. S9b presents the normalized
permeability (P/Po), which decreased over time for both membranes,
with the CO membrane experiencing a larger decline (from 100% to
70%) than the C20 membrane (79%). These trends can be explained by
the combined effects of micelle formation and electrostatic interactions.
The SDBS concentration used (750 mg/L, 2.15 mM) exceeded the critical
micelle concentration (1.2 mM) [49], indicating that micelles (2-20 nm)
were present in solution and can accumulate near the membrane surface
[46], partially obstructing the pores. In addition, as shown in Fig. S9c,

Iy It C Kal_2
Polyester §
LRI o
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the CO membrane had a slightly positive zeta potential (+3 mV), which
favored electrostatic attraction of the negatively charged SDBS mole-
cules, enhancing adsorption and fouling resistance. In contrast, the C20
membrane exhibited a strongly negative zeta potential (—55 mV), which
repelled SDBS molecules and minimized adsorption. Therefore, the
larger TMP increase and permeability decline observed for the CO
membrane reflect the combined effects of micelle-induced pore blockage
and electrostatic adsorption, whereas the C20 membrane was less
affected due to electrostatic repulsion.

Therefore, the fouling observed is attributed to the presence of fibers.
Natural fibers thus caused more membrane fouling than the synthetic
fibers, probably due to the lower absolute values of zeta potential of the
natural fibers and higher COD load. In literature, natural fibers have
largely been overlooked, with research primarily focusing on synthetic
fibers. This is likely due to the assumption that natural fibers, being
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| e——| M om0

10pum

10pum

Fig. 6. SEM images of the fouled CO membrane, along with the corresponding element mapping (C, Al and O) after treating the synthetic laundry wastewater

containing (a) Polyester, (b) Nylon, (c¢) Linen, and (d) Cotton.
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organic and biodegradable, pose a minimal environmental risk [37]. For
example, natural fibers, such as cotton and silk, have not exhibited
toxicity toward Daphnia magna, whereas synthetic fibers like nylon
caused acute toxic effects on the organism [37]. However, it has also
been reported that natural fibers could serve as carriers for harmful
substances, as fabrics made from organic fibers are often treated with
chemicals such as chemical colorants and finishes [40]. These chemical
additions could also slow down the biodegradation process of natural
fibers [50].

As shown in Fig. 5f, the COD removal efficacies of the CO and C20
membranes were highest for polyester fibers, reaching 82.3 + 0.8% and
85.1 + 1.4%, respectively. A possible explanation is that all the fibers
were removed, and only the small molecules, such as surfactants, and
monomers, contributed to the COD measured in the permeate. In
contrast, the nylon fabrics released the lowest amount of fibers, thus,
resulting in less adsorption of surfactant onto the fibers and a higher
concentration of surfactant in the permeate. This led to low COD
rejection by the CO membrane and C20 membranes, at 64.9 + 2.1% and
70.9 + 3.1%, respectively. Because the COD, present in the permeate,
mainly originated from the SDBS surfactant, it could be recovered and
reused if the wastewater were recycled. Additionally, all fibers released
from the fabrics were completely rejected by the membranes, as
confirmed by the microscopic images (Fig. S10).

As can be observed from Fig. 6, the surface morphology and
elemental mapping confirm that different fabric fibers in synthetic
laundry wastewater led to varying degrees of membrane fouling on the
CO membrane. The fouling layer on the C20 membrane was not studied
since the carbon in the SiC membrane influences the carbon distribution
of the foulants (fiber) on the membrane surface. Among all tested fibers,
cotton resulted in the most developed cake layer, covering approxi-
mately 91% of the membrane surface, as evidenced by the strong and
widespread carbon signal and the near absence of aluminum signal. The
cross-sectional SEM image further shows that the fouling layer thickness
for cotton reached 8-10 pm, indicating severe deposition and cake
buildup (Fig. S11a). The polyester led to the second largest fouling, with
about 65% of the alumina signal obscured and a fouling layer thickness
of 6-8 pm (Fig. S11b), also suggesting the formation of a substantial cake
layer. The observed fouling appeared to be dominated by foulant-foulant
interactions, particularly hydrophobic interactions, rather than
membrane-foulant interaction. With the increase in the filtration time,
these interactions promote the accumulation and growth of the cake
layer and the porosity of the cake layer initially increases during the
early stage of filtration and then reaches a plateau [51]. Enfrin et al.
have reported a similar fouling mechanism, where polyester fibers
produced via electrospinning and cryosectioning, with a diameter of 13
+ 7 pm, led to a combination of internal pore blockage and cake layer
formation [52].When treating synthetic laundry wastewater containing
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linen fibers, the fibers were clearly deposited as cake layer on the
membrane surface with average thickness of 2-6 pm (Fig. S11c). In the
case of nylon fibers, the elemental carbon mapping showed a homoge-
neous but faint distribution of carbon across the membrane surface,
however, the aluminum signal remained clearly visible, indicating that
only a thin and sparse fouling layer (1-2 pm) with minimal surface
coverage (Fig. S11d). This suggests that nylon caused the least reversible
fouling, which is related to cake layer formation, consistent with the low
COD value (1680 + 16 mg/L).

3.4. Membrane fouling with real laundry wastewater

3.4.1. The threshold flux of the membranes

The threshold fluxes for the CO and C20 membranes were 48 Lm >
h™!and 56 Lm 2 h™!, respectively (Fig. 7), thus, a constant flux of 50
Lm~2 h™! was selected for filtering the real laundry wastewater.

3.4.2. The effect of the temperature and flux on membrane fouling

At the flux of 50 LMH (Fig. 8a), a rapid increase in the normalized
TMP for the CO membrane indicates a higher fouling rate than the C20
membrane, which may be attributed to the lower electrostatic repulsive
forces between the CO membrane and fabric fibers. It has been reported
that fabric fibers, including natural and synthetic (microplastics) fibers,
are primarily rejected by membranes based on size-exclusion, with fi-
bers smaller or larger than the membrane pores potentially causing
irreversible or reversible fouling, respectively [14]. In order to further
study the effect of flux on irreversible fouling, the flux was increased to
70 Lm~2 h™!, being higher than the threshold flux of the both mem-
branes (Fig. 8b). A higher irreversible and reversible fouling was
observed for both CO and C20 membranes. The increased irreversible
fouling can be attributed to the increased TMP, which likely resulted in
the compaction of the fiber cake layer and facilitated the penetration of
smaller fibers and foulants into the membrane pores, thereby exacer-
bating irreversible fouling in both membranes (Fig. 8d) [25]. However,
the C20 membrane still outperformed the CO membrane, with a lower
fouling tendency. The performance gap between the two membranes
became more noticeable at this higher flux (70 ILm2h™hH compared to
the low flux of 50 Lm 2 h™L,

In cloth washing industry, large volumes of reusable hot laundry
wastewaters are being discharged [53]. To evaluate membrane perfor-
mance under realistic conditions, the filtration experiments were con-
ducted at the temperature of 20 °C and 60 °C (Fig. 8c). At higher
temperatures, ceramic membranes usually exhibit a higher permeability
due to the lower water viscosity at higher temperature, potentially
resulting in less fouling. Similarly, Paula et al. have also observed an
increased membrane fouling at lower temperatures during flux step
experiments [54]. Due to the stronger convective forces, because of
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Fig. 7. The threshold flux of the CO and C20 membranes for the real laundry wastewater treatment.
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decreased viscosity, at higher temperatures, the formation of the cake
layer on the membrane surface is probably slowed down, leading to a
decreased reversible fouling. This finding is also confirmed by the in-
crease in the initial permeance of the C20 membrane in the sixth cycle,
from 42% at 20 °C to 61% at 60 °C (Fig. S7f-g). By comparison, increased
temperatures can increase fouling in oily wastewater treatment, as the
reduced viscosity of oil leads to droplet deformation and greater po-
tential for pore blockage in ceramic membranes [55]. From an economic
perspective, treating real laundry wastewater at 60 °C not only mitigates
the membrane fouling, but also enables the recovery and reuse of both
water and heat, potentially reducing water consumption and associated
energy costs.

The COD concentration in the permeate was 1179 + 42 mg/L for the
CO membrane and 1128 + 25 mg/L for the C20 membrane. Based on
these values, the calculated COD rejection rates were 70.6% and 71.9%,
respectively (Table 2). The particles in the permeate (Fig. 9) can be
explained by the presence of spherical micelles of the surfactant ranging
from 2 to 20 nm [46].

Table 2
Characteristics of the permeate water.

Parameters Permeate water (CO) Permeate water (C20)
pH 7.88 +0.12 7.82 + 0.08
Conductivity (mS/cm) 1.16 + 0.04 1.18 + 0.05

COD (mg/L) 1179 + 42 1128 + 25

Zeta potential (mV) —19.41 £ 0.32 —18.66 + 0.47

Mean particle size (nm) 12.38 + 0.34 12.13 +£ 0.56

30 | = Cco
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Fig. 9. The particle size distribution in the permeate water of the CO and
C20 membranes.

To further analyse the fibers in the real laundry wastewater, their
morphologies were examined using microscopic images (Fig. 10). The
contaminants in the feed water exhibited various shapes, including fi-
bers, films, fragments and chips [16,17]. In contrast, microscopic
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Fig. 10. Microscopic characterization of the feed and permeate of real laundry wastewater after treatment with CO and C20 membranes.

analysis of the permeate water revealed no visible fibers and particles,
with only small surfactant micelles (2-20 nm) present, confirming the
high rejection (100%) performance of the ceramic membranes. Lastly,
the results obtained in this study were compared with those reported in
literature. Zhang’s group studied the treatment of real laundry waste-
water using SiC MF membranes (350 nm) and UF ZrO:. membranes (55
nm) obtained from a tent laundry outlet. The threshold flux of the UF
ZrO2 membrane was reported as 50 L m~2 h™?, which is slightly higher
than that of the CO membrane (48 L m~2 h™!) but lower than that of the
€20 membrane (56 L m 2 h 1) in this study. The COD removal efficiency
achieved with the ZrO. UF membrane was 83.8% [56], which exceeds
the values obtained in this work (70.6% for CO and 71.9% for C20). The
same research group also examined hospital laundry wastewater treat-
ment, where a COD rejection of 35% was reported. They noted that only
moderate COD removal was achieved because a substantial portion of
the organic content originated from surfactants, which can be benefi-
cially reused in the washing process if the treated water is recycled [7].
Therefore, while the SiC-coated membrane demonstrated a high per-
formance compared to the commercial ceramic membrane in terms of
threshold flux, the COD rejection efficiency strongly depends on the
characteristics of the feedwater. In particular, a high proportion of
surfactant molecules, contributing to the COD, can lead to lower rejec-
tion by ceramic UF membranes.

4. Conclusion

The behavior of fiber release, membrane fouling, and fouling miti-
gation during the treatment of synthetic laundry wastewater using
pristine Al;03 and a SiC-coated ceramic membranes was presented. The
fiber size distribution was characterized using light scattering-based
techniques, and the fouling experiments were conducted at a constant
flux of 70 Lm~2 h™!. Results revealed that natural fabrics, particularly
cotton and linen, released higher COD loads than synthetic fabrics, when
tested at equal mass, in the trend of cotton > linen > polyester > nylon,
which was further supported by microscopic and SEM images. The SiC-

10

coated membrane showed lower reversible and irreversible fouling than
the Al;03 membrane due to its highly negatively zeta potential. The
fouling order of the fibers in line with the COD concentration of the
synthetic laundry wastewater containing these fibers. Further, it was
found that during treatment of hot (60 °C) real laundry wastewater by
the ceramic membranes, not only membrane reversible and irreversible
fouling was mitigated, but it also enabled the simultaneous recovery and
reuse of water, surfactants, and thermal energy, potentially offering a
sustainable strategy to reduce both water consumption and energy costs.
The LDIR results showed that natural fibers is dominant in the real
laundry wastewater with number concentration of 2.86 x 10* L™1. This
study highlighted the importance of paying greater attention to natural
fibers, as they can cause more severe fouling of ceramic membranes
compared to synthetic fibers during the laundry wastewater treatment
process.
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