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Abstract

The industrial laundry sector is a major user of water and chemicals such as surfactants, and one of the largest producers
of wastewater. Although treated wastewaters comply with regulations, they still contain contaminants. Here we review
laundry wastewater with focus on industrial laundry activities and their challenges, chemical composition of wastewater,
and treat-ment techniques. We discuss advantages and drawbacks of treatment techniques that can be used as secondary
treatment in already existing plants, or as tertiary treatment, i.e., complementary to an existing treatment. We observe that
laundry is an expanding industrial sector with increasing water requirements, an abundant use of chemical substances,
and increasingly stringent discharge regulations. There is a lack of chemical and biological knowledge on aqueous
discharges. Moreover, the chemical composition, temporal variability, treatment information, and environmental and
ecotoxicological data are poorly reported. The composition of wastewaters and additives, and their temporal variability
are also poorly known. Similarly, detailed information on treatments is rare, and environmental and ecotoxicological data
are poorly reported. Finding a tertiary water treatment process that is efficient, viable, and environmentally friendly is
challenging since wastewater volumes are very high and contaminants are present at trace level in complex organo-

mineral mixtures.

Keywords Greywater - Complex contamination - Water quality assessment - Wastewater treatment plant - Discharge
water - Integrated treatment - Laundry wastewater - Organo-mineral - Pollutant - Surfactant

Introduction

Water is under increasing threat from various anthropo-
genic activities. Among these, the industrial laundry sector
is considered one of the largest users of water and chemicals,
and therefore one of the largest producers of wastewaters
(Braga and Varesche 2014; Bering et al. 2017; Pefia-Guzmén
et al. 2019; Patel et al. 2020; Jayanto et al. 2021; Santiago
et al. 2021; Luo et al. 2022; Prochazkova and Masa 2022;
Kumar et al. 2022; Melian et al. 2023; Vishali et al. 2023).
In Europe, industrial laundry sector washes 2.7 billion kg
of textiles per year and uses 42 million m? of water (Melian
et al. 2023). In China, the amount of laundry wastewater
discharged annually is estimated to 11 billion tons (Luo et al.
2022). Due to the use of many commercial formulations
containing chemicals of varying nature, wastewater from
this industrial sector is known for its polycontamination
both qualitatively and quantitatively with both particulate
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and dissolved forms. Among these substances, the family of
surfactants, generally of anionic type, are often cited in the
literature, with concentrations in wastewater ranging from a
few mg to several g per L of water (Janpoor et al. 2011; Abd
El-Gawad 2014; Delforno et al. 2014; Babajanzadeh et al.
2019; Kaya and Dayanir 2020; Pandey et al. 2020; Akarsu
and Deniz 2021; Khan 2022; Lacalamita et al. 2023).
Despite these varying concentrations, in all cases, the
laundry sector, like any other industrial sector, must treat
its wastewater, heavily contaminated by chemical and bio-
logical substances, before being released into the environ-
ment. The discharge of wastewater is indeed governed by
specific regulations for this industrial sector. Most laundry
effluents are first treated internally at the industrial treat-
ment plant and then released to municipal sewer systems,
where they are further treated at local wastewater treat-
ment facilities that often use activated sludge as second-
ary treatment, the water treatment system conventionally
used in the urban wastewater treatment plants. Even if their
treated wastewaters comply with current regulations, they
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still contain measurable quantities of heterogeneous con-
taminants such as surfactants, which can impact the perfor-
mance of activated sludge. Because of their many physical
and chemical properties which are highly useful in washing
processes (Abd El-Gawad 2014), surfactants are widely used
worldwide. These active agents are classified in the family
of emerging contaminants.

Urban treatment plants have not been designed to remove
these emerging substances (Khan 2022; Morin-Crini and
Crini 2017; Gogoi et al. 2018) and release much of them into
the environment. Thus, these molecules and their metabo-
lites are found in the aqueous compartments, and are the
subject of debate, particularly as regards their degradation
and accumulation. However, for the moment, there are no
specific regulations for manufacturers in terms of analytical
monitoring of these molecules. Nevertheless, several target
substances present in complex commercial formulations
are regulated and can be monitored, such as alkylphenols
and their polyethoxylated derivatives, organic fluorinated
substances (PFAS), polybromodiphenylethers (PBDE), and
formaldehyde. Some of which are little or no biodegradable,
may induce ecotoxic effects and are known as endocrine
disruptors since they mimic natural hormones by interacting
with estrogen receptors. The European Union has included
these substances in the list of priority hazardous substances
for surface waters in the Water Framework Directive (Direc-
tive 2000/60/EC). Currently, Europe is asking manufacturers
to innovate to reduce and/or eliminate chemicals, in par-
ticular emerging contaminants, in their discharge waters
(Morin-Crini and Crini 2017). Before implementing actions
to eliminate these substances, laundries must have knowl-
edge of the chemical composition of their wastewater and
discharge water. On this point, however, bibliographic data
on the detailed composition of the waters of this industrial
sector and their temporal variability are scarce (Abney et al.
2021; Sheth et al. 2021; Lacalamita et al. 2023).

Today, industrial laundries are also more aware of their
water consumption and the need to prevent pollution of this
resource, and are looking for alternative or complementary
solutions to reduce their environmental impact. However,
finding a tertiary water treatment process that is efficient,
viable, and environmentally friendly is a real challenge for
this sector, since wastewater volumes are very high and
contaminants are present in trace form in complex organo-
mineral mixtures. Moreover, water contamination is both
chemical and biological, and contaminants can be found
in dissolved or particulate form (microfibers, colloids) in
wastewaters of varying pH, viscosity and temperature. Over
the last decade, many works have been published on the
treatment of raw wastewater and discharge from the laun-
dry sector, with notable contributions (Table 1). However,
detailed information on the type of water treatment is rare,
as each laundry has its own treatment method and know-how

for decontaminating its wastewater (Ho et al. 2021). Regu-
latory, environmental and ecotoxicological data are also
poorly reported in the literature. As far as we know, no effort
has been made to collect these results to make them easier
to understand. That is the purpose of this article, which
attempts to answer the questions raised.

The review comprises three main sections. After a brief
presentation of the context, the first part provides a summary
of industrial laundry operations and the issues surrounding
its aqueous discharges. This part also describes the regula-
tions and the environmental challenges. The second section
lists chemicals that are likely to be found in the water and
summarizes the environmental issues facing this industry.
It also describes data on the chemical composition of the
water. Finally, the last part focuses on the technologies used
for wastewater treatment, illustrated by an example of a gen-
eral wastewater treatment scheme. Then, we discuss the ben-
efits and drawbacks of water treatment, which can be used as
tertiary treatment that is, in addition to existing treatment or
secondary treatment in plants that already exist. The review
will serve as a guide for future researchers working on indus-
trial laundry water. Nevertheless, the subject of microfibers
in water is not covered in this review, as it has been the
subject of numerous publications over the last decade (e.g.,
Prata 2018; Gatidou et al. 2019; Liu et al. 2019; Vassilenko
et al. 2019; Sun et al. 2019; Bretas Alvim et al. 2020; Gavi-
gan et al. 2020; Ramasamy and Subramanian 2021; Turan
et al. 2021; Kwak et al. 2022; Le et al. 2022; Belzagui and
Gutiérrez-Bouzan 2022; Allen et al. 2024; Arif et al. 2024).
Furthermore, there are currently no regulations governing
this type of pollution in the industrial laundry sector.

Industrial laundries
Context

Industrial laundries are establishments that treat linen in an
industrial way by cleaning it with large quantities of water
and cleaning products containing different chemicals, which
are used not only to improve the efficiency of the clean-
ing cycle, but also to reduce water and energy costs and
improve the service life of the machines used. Their clien-
tele is mainly established by professional companies, and
the dirty linen comes from various sources such as hospital
sheets, hotel linen, restaurant towels and tablecloths, work
clothes and working uniforms, shop towels, and textiles from
beauty salons. In general, the principle of linen treatment is
the same, but it can be modulated according to the type of
the treated linen, the degree of soiling, the used products,
e.g., detergents, softeners and bactericides, and the know-
how and experience of each laundry (Bering et al. 2011;
Braga and Varesche 2014; Dabkowska 2017; Sheth et al.
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2017; Babajanzadeh et al. 2019; Furtado et al. 2020; Lut-
terbeck et al. 2020; Abney et al. 2021; Jayanto et al. 2021;
Khajvand et al. 2022; Khan 2022; Khery et al. 2022; Kumar
et al. 2022; Lacalamita et al. 2023).

In Europe, there are about 11,000 industrial laundries,
with more than 90% small and medium-sized enterprises
employing 170,000 workers (source: European Commis-
sion- https://ec.europa.eu/eurostat/web/products-eurostat-
news/-/edn-20220627-1). They are a particular, confidential,
competitive, and booming industrial sector with significant
human resources, energy, chemicals, and water needs. The
water consumption is estimated at more than 40 million m*
per year, and therefore, the industrial laundry sector is con-
sidered one of the largest producers of wastewater, which is
considered a primary pollution source (Oteng-Peprah 2018;
Barumbu et al. 2020; Santiago et al. 2021; Kumar et al.
2022; Prochazkova and Masa 2022; Melian et al. 2023; Pang
et al. 2023; Vishali et al. 2023). All the generated wastewater
is decontaminated in industrial wastewater treatment plants
before being released into the environment.

Figure 1 illustrates the water circuit in an industrial laun-
dry, from collection to treatment in a wastewater treatment
plant and discharge. Industrial laundries are often located
on the periphery of cities, which is why the treated water
is often sent to the urban water treatment plant of a city.
In Europe, wastewater from laundries is considered to be
of similar quality as urban wastewater. Therefore, it can be
discharged into municipal wastewater treatment plants via a
discharge agreement (Lacalamita et al. 2023).

To treat wastewater from the industrial laundry sector,
the two decontamination processes often encountered are
physicochemical and biological treatments or a combination

Fig. 1 The water circuit in an
industrial laundry, from its use
to its treatment and discharge.
The water treated in the indus-
trial treatment plant is either
discharged into the river or sent
to the urban water treatment w8
plant of the city via a discharge
agreement. SS: suspended sol-

of both. For confidentiality reasons, these techniques are
rarely detailed in the literature (Ho et al. 2021; Lacalamita
et al. 2023). Even if the treated wastewater complies with
the regulations in force, it still contains a significant amount
of chemicals, which is why this industrial sector is respon-
sible for discharging potential toxic organic and inorganic
substances, oxidizable materials, and nutrients into the
environment. This cocktail of chemicals may raise concerns
about possible environmental risks when the treated water is
discharged (Ivankovi¢ and Hrenovié¢ 2010; Abd El-Gawad
2014; Rebello et al. 2014; Verlicchi et al. 2015; Swartz et al.
2017; Furtado et al. 2020; Tomsic et al. 2023). A review of
the bibliographic data shows that precise data concerning the
pollution in terms of qualitative and quantitative fluctuations
in discharge water from the laundry sector have seldom been
reported (Abney et al. 2021; Sheth et al. 2021; Lacalamita
et al. 2023).

Treated waters sent to urban treatment plants can also
cause problems because the presence of certain potentially
hazardous components can inhibit the behavior of bacte-
ria, for example, disturbing nitrification processes. Indeed,
certain bacteria are highly sensitive to recalcitrant organic
substances and metals such as copper, nickel, chromium, and
iron (Malik 2004; Morin-Crini and Crini 2017; Bala et al.
2022; Khan 2022). In France for example, in the discharge
agreement, it is stipulated that the ratio of COD and BOD,
i.e., a biodegradability index used an indicator of water tox-
icity, must be less than 2.5, a reference value indicating the
biodegradability of water and the presence of target metals
such as copper, zinc and nickel and the amount of suspended
solids is strongly controlled, in order to avoid problems in
filtration processes and biological tanks of urban wastewater

e
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treatment plants (Morin-Crini and Crini 2017; Lacalamita
et al. 2023). Other components present in wastewater such
as microplastics and microfibers can affect the treatment pro-
cess, as because wastewater treatment techniques can break
these particles into nanoparticles (Enfrin et al. 2019). Parti-
cles moving through wastewater treatment plants experience
variable shear forces induced by mixing or pumping, which
can break them into other smaller particles, then increasing
the number of nanoparticles in the rejections. In addition,
in the early stages of treatment processes, high concentra-
tions of particles in water can impact the performance for
water treatment processes such as filtration units that may
be clogged or damaged due to clumping or wear of the par-
ticles (Morin-Crini and Crini 2017). However, flocculation
is a standard low-cost stage appropriate for reducing the
impact of microplastic on the rest of the water treatment
process (Huang et al. 2023a). On the other hand, an exces-
sive presence of ionic surfactants can also reduce treatment
performance, for example by altering particle sedimentation
through changes in their surface characteristics (Huang et al.
2023b). Surfactants can also disrupt the primary sedimenta-
tion process and reduce oxygen transfer capacity in biologi-
cal treatment tanks. Surfactants present a complex challenge
for removal and can be removed by degradation or adsorp-
tion processes (Jardak et al. 2016) although their removal
is more difficult than that of microplastics and microfibers.
Finally, regulatory, environmental and ecotoxicological data
are also poorly reported in literature.

Faced with increasingly stringent regulations and chal-
lenges related to the economy, energy, and society, indus-
trial laundries must adapt and evolve through technologi-
cal advancements and operational changes (Ho et al. 2021;
Kumar et al. 2022; Prochazkova and Masa 2022; Atesci and
Inan 2023; Chen et al. 2023; Konecna et al. 2023; Laca-
lamita et al. 2024). The challenges facing the sector include
the following: using more environmentally-friendly cleaning
processes and eco-friendly products while maintaining linen
quality; using less water in the washing process and recy-
cling more treated wastewater; using more energy-efficient
machines; comply with increasingly stringent health and
safety standards requiring specific disinfection or steriliza-
tion treatments (as in the case of hospital, retirement home
or hotel linen); improve the operation of their wastewater
treatment plants; reduce the flow of pollutants discharged
(including CO, emissions) and minimize their impact on
the environment.

All these challenges and problems affect the operational
practices of industrial laundries, which depend mainly on
the type of laundry to be cleaned and the level of dirt. Each
laundry must adapt its way of working according to the trend
and its objectives mentioned above by offering more sustain-
able and responsible solutions to meet the growing demands
of its customers (Furtado et al. 2020; Lutterbeck et al. 2020;

Abney et al. 2021; Jayanto et al. 2021; Khajvand et al. 2022;
Khery et al. 2022; Kumar et al. 2022). But this adaptation
must also be part of a more general framework because it
is necessary to take into account all the professional risks
of the trade. Industrial laundries collect and process dirty
laundry (washing, drying, ironing, folding) and ship it back
to their customers. The processes use machines (washers,
dryers) emitting heat and moisture and chemicals (deter-
gents, stain removers and disinfectants) whose character-
istics (volatility, acidity, alkalinity, corrosive, irritating or
allergenic characters) are highly variable from one product
to another. Staff work in a prolonged standing position and
require many manual handling, postural constraints and
repetitive gestures. Staff involved in sorting dirty laundry
(which has the ability to fix microorganisms) are also in
contact with microbiological agents that are sources of infec-
tion and disease. These agents come from laundry soiled
or contaminated with biological fluids (blood, urine) or
unwanted objects (needles). Staff are thus exposed to various
occupational risks: thermal (exposure to high heat released
by equipment), chemical (allergies and skin and respiratory
irritations), biological (infectious, viral or parasitic diseases)
and physical (osteoarticular damage, trauma caused by falls
on wet ground, burns) which are very common. Industrial
laundries are also technical rooms with a high risk of fire
(risk of self-ignition of linen by fermentation, ignition
of textile dust in dryers, stocks of chemicals or oxidizing
detergents) and electrical malfunctions. Industrial laundries
must therefore constantly develop appropriate collective and
individual training, good practice and prevention policies.
Examples of actions that are implemented are the compli-
ance of machines that must be properly used, well main-
tained and regularly monitored, the choice of technologies
favoring eco-responsible practices (limit water consumption,
reduce energy consumption, use products and processes with
a lower potential impact on humans, limit gas emissions),
respect for hygiene rules, wearing protective clothing and
accessories (gloves, gowns, shoes) adapted to each position
as well as ergonomic equipment, continuous training of staff,
regular control of the risks of biological contamination, and
the presence of adequate air extractions and fire protection
systems in the premises (Mcllwraith et al. 2019; Belzagui
and Gutiérrez-Bouzan 2022; Le et al. 2022; Konec¢na et al.
2023).

Initiatives have already been implemented in Europe,
such as eco-detergent certification (EU Ecolabel) or the
use of solar energy and cogeneration sources for laundry
operations (Buehler et al. 2021; Belzagui and Gutiérrez-
Bouzan 2022; Prochazkova and Masa 2022; Kone¢n4 et al.
2023; Melian et al. 2023). In Europe, a thousand detergents
have an eco-certification, attesting to their biodegradability
(Melian et al. 2023). A recent French law called anti-waste
for a circular economy (AGEC Law—loi anti-gaspillage pour



une économie circulaire; decree no. 2022-336 of 10 March
2022) aims to change the production and consumption
model in order to preserve natural resources and biodiversity
(Lacalamita et al. 2024). This law encourages manufactur-
ers to continue their efforts to reduce their environmental
impact. However, initiatives concerning water engineering
and treatment in an integrated approach to pollution preven-
tion are rare due to the complex and heterogeneous nature
of water, the large volumes of water to be treated daily, as
well as technological and economic constraints (Kim et al.
2022; Khapra et al. 2023). While there are many well-known
tertiary treatment methods, including membrane filtration,
advanced oxidation and evaporation, very few are actually
employed because the costs associated with maintenance
and operation are just as significant as the initial expendi-
ture (Morin-Crini et al. 2022; Melian et al. 2023). Qualified
personnel is also required. Furthermore, skilled workers are
needed.

Over the last decade, many works have been published on
the treatment of raw wastewater and discharge from the laun-
dry sector (e.g., Oteng-Peprah et al. 2018; Ho et al. 2021;
Santiago et al. 2021; Khajvand et al. 2022; Violenta et al.
2022; Akhere and Chukwuka 2023; Atesci and Inan 2023;
Kumar et al. 2022, 2023; Melian et al. 2023; Cahayani et al.
2024), but few articles have been devoted to their chemi-
cal composition and fluctuations (Sheth et al. 2017; Jayanto
et al. 2021; Alhinai 2022). Increasing awareness of water
pollution and resource scarcity has stimulated research into
conventional and non-conventional treatment methods not
yet in use in the laundry sector, such as adsorption onto
innovative adsorbents, advanced oxidation, and membrane
filtration or a combination of methods to enable greater effi-
ciency (Morin-Crini et al. 2022). The combination of estab-
lished treatment methods is indeed proving increasingly and
necessary. Several studies have been published on the value
of combining complementary physical and chemical meth-
ods. Janpoor et al. (2011) described the potential of combin-
ing electrocoagulation with adsorption for enhanced removal
of both organic pollutants and metals.

Similarly, a study by Nascimento et al. (2019) demon-
strated the effectiveness of coupling membrane filtration
with coagulation. This synergistic approach allowed to
obtain higher elimination rate for surfactants and microplas-
tics compared to individual methods. Innovative techniques
such as advanced oxidation (ozonation) and photocatalysis
are gaining ground because of their ability to completely
degrade pollutants to mineralization if this is the desired
objective (Oliveira Schwaickhardt et al. 2017). Electroco-
agulation and electrooxidation are also promising options
(Dimoglo et al. 2019; Ho et al. 2021). A study by Dimoglo
et al. (2019) demonstrated the effectiveness of electrocoagu-
lation in removing surfactants and achieving color reduction
in laundry wastewater. These electrochemical and advanced

oxidation methods are promising, but the initial investment
and high operational costs still limit their feasibility on an
industrial scale, unlike membrane filtration methods that
are beginning to take root (for example, in some French
laundries) despite the fact that they also consume energy.
Indeed, the progress of ultrafiltration and nanofiltration with
compact and easy-to-use equipment for small industrial
structures make it possible to consider these techniques to
more effectively eliminate trace of contaminants while being
economically viable and through a water recycling route.
Nanofiltration, studied by Kaya et al. (2020), has also shown
promising results in the removal of emerging contaminants
from laundry effluent. Whatever the method, a complete
understanding of the environmental footprint is necessary.
Further research is also needed to conduct in-depth life cycle
assessments that assess factors such as energy consumption,
resource use and waste generation throughout the life cycle
of each method (Ho et al. 2021).

To the best of our knowledge, there is no comprehensive
review that summarizes and discusses the published results.
Out of 204,342 documents published on wastewater char-
acterization and treatment from January 2000 to December
2023, only 309 focus on the study of laundry wastewater,
representing less than 0.2% of the total corpus. In particular,
specifics, as showed in Fig. 2, based on a comparison of grey
water and industrial wastewater from 2000, it is becoming
apparent that efforts to explore chemical composition and
potential treatment methods for treating laundry effluents
are minimal compared to their counterparts. Our objective
in this review is to provide a brief summary of industrial
laundry operations, listing general considerations and envi-
ronmental challenges posed by their aqueous discharges.
Moreover, it identifies chemicals that are likely to be found
in water and discusses the broader environmental impacts
of the laundry industry. Additionally, this study describes
the discharge water quality of the laundry industry and the
corresponding regulations from different countries. It also
outlines typical wastewater treatment schemes and evalu-
ates both the advantages and limitations of tertiary treat-
ment methods, which can complement existing primary and
secondary treatments in established facilities.

Definition and classifications

Industrial laundry is a service industry, strongly estab-
lished in Europe, that treats dirty linen in an industrial way
(Dabkowska 2017; Bering et al. 2017; Prochazkova and
Maésa 2022). This term refers to laundering activities on a
large scale for large institutions that require a constant flow
of clean linen, work wear, or uniforms. So industrial laun-
dries play an essential role in various businesses such as
hospitals, nursing homes, hotels, restaurants, and factories
(Kogut et al. 2021; Prochazkova and Masa 2022). With their
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Fig.2 Publications on wastewater, leachate, agricultural runoff, and laundry effluents from 2010 to 2023 (top). A comparative analysis of pub-
lication counts from 2000 to 2023 focusing on greywater generated by industrial, domestic, and laundry sector (bottom). Data Source: Scopus

wide range of services, including stain removal, mending
and alterations, industrial laundries are an essential service
for a variety of industries that need to keep their linen and
other fabrics properly cleaned, safe, and presentable. Indus-
trial laundries are little known to the general public. How-
ever, they played a crucial role in the fight against Covid-19
during the health crisis when they were used to gather and
handle tainted laundry.

Industrial laundries, typically equipped with large-
scale advanced machineries, target cleaning supplies, and
proper techniques, are specialized facilities for washing,

drying, and pressing fabric items in large quantities. The
automated machineries include washing machines for
cleaning large amounts of linen, dryers for drying the
washed items and pressing machines for finishing the lin-
ens (ironing, folding), and target cleaning supplies, which
are specialized facilities for washing, drying, and pressing
fabric items in large quantities, respectively. The wash-
ing machines are designed to deliver superior and efficient
washing results, using advanced technologies and special-
ized programs that adapt to different types of fabrics and
levels of soiling.



Industrial laundries are classified into two main catego-
ries according to their washing capacity: low-capacity laun-
dries with less than 10 tons/day, which are the most common
type (Prochazkova and Masa 2022; Lacalamita et al. 2023),
and large laundries (10-50 tons/day). In Europe, industrial
laundries are available as private and public commercial
facilities, offering turnkey solutions to end users of linen.
Most laundries offer basic laundry services (wet cleaning)
and dry cleaning. In case of a heavy load of contaminants,
the dual-phase washing process, which combines dry clean-
ing and water washing, is used.

Some of the items that can be processed in an industrial
laundry include uniforms, industrial work wear, bedding,
drapery, bathrobes, bath towels, and tablecloths. Dirty linen
is classified into three main categories: those originating
from industrial, chemical, automotive, paper, or metallur-
gical sectors; those from hospitals including from nursing
homes and residential facilities; and those from hospital-
ity sector such as hotels, restaurants, and cafeterias. These
different types of laundry are not mixed and are treated
separately as they require different washing programs based
on the specific demands of the clients or having to com-
ply with specific standards and regulations. For example,
the hospitality sector (hotels, restaurants) requires top-level
hygiene and efficiency for their bed linen, table linen, and
guest linen. A high degree of cleanliness and hygiene is also
required for hospital linen to make them free of germs and
bacteria. In sectors such as food, it is also crucial to ensure
proper hygiene and disinfection of linen (Fijan et al. 2005;
Swartz et al. 2017; Sharma et al. 2019; Decker 2022).

It is important to note that in all cases, all wastewater
from the different washes are sent to the treatment plant
in the same storage tank. Indeed, there is no separation of
wastewater, and the same treatment is carried out continu-
ously (Lacalamita et al. 2023). However, the clothes to be
treated are not the same, and the levels of dirt are also dif-
ferent. Therefore, washing programs do not use the same
formulations. All this can impact the operation of the treat-
ment plant (Sheth et al. 2017; Oteng-Peprah et al. 2018;
Santiago et al. 2021).

Operations

The general operation of industrial laundries consists of five
main steps (Fig. 3): sorting, pre-spotting, washing (the main

Fig.3 The general operation of

step), drying, and finishing (ironing, folding). The laundry
work is as follows: after collection from the customer site,
sorting (this step depends on the soiled level, color, owner-
ship, and fabric type), and counting, the laundry is sent to
a washing tunnel consisting of several compartments, each
with a given role. Soiled textiles undergo several successive
washing stages: rinsing, wetting, pre-washing, pre-spotting,
and rinsing, in which some of the dirty masks are identified
and treated with typical substances, main washing includ-
ing bleaching (if needed) and rinsing steps, and softening.
The linen is then passed through a press for spinning before
being sent to the dryers, and thereafter ironed and folded.

Chemical additives

Laundry wastewater contains a large amount of contami-
nants such as surfactants, microplastic fibers, oil, dust parti-
cles, pathogenic microorganisms, etc. (Kumar et al. 2022).
Moreover, each step uses chemicals and products, among
the best known of which are detergents, soaps, chlorinated
bleaches, and perfumes (Scott and Jones 2000; Kohler 2006;
Bajpai and Tyagi 2007; Yu et al. 2008; Steber and Wiebel
2012; Abd El-Gawad 2014; Zavala and Estrada 2016; Baba-
janzadeh et al. 2019; Abney et al. 2021; Khalid et al. 2022;
Khan 2022; Kumar et al. 2022; Morris et al. 2022; Ciice
et al. 2023). In reality, the list of chemicals or ‘ingredients’,
which is the term used by the laundry sector, is more varied
and complex. These ingredients are the main active agents
and can be classified into fifteen categories (Table 2): sur-
factants, bleaches, alkalis, neutralizers, builders, anti-rede-
position agents, fabric softeners, disinfectants, enzymes,
solubilizers, optical brighteners, preservatives, foam regu-
lators, fragrances, and corrosion inhibitors.

This classification is empirical, and there is no official
list, and for example, alkalis, softeners, and anti-redepos-
iting agents are sometimes considered as builders (Bajpai
and Tyagi 2007; Ivankovi¢ and Hrenovi¢ 2010; Braga and
Varesche 2014; Najim et al. 2022; Dimoglo et al. 2023). In
addition, there are several terms used by manufacturers for
the same ingredient (Table 2), and each can also play several
roles, which can sometimes lead to confusion. In all cases,
each ingredient has a special function. However, each prod-
uct used is not a singular homogeneous species but rather a
mixture of different types of chemicals (Kohler 2006). For
example, the list of ingredients in a detergent is as follows

industrial laundries /“m —>| SORTING |—

Dirty linen

\

PRE- MAIN
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(in order of importance by volume): builders, surfactants,
bleach, brighteners, enzymes, fragrances, fabric softener,
and others.

Several different chemicals are used in a mixture known
as a formulation or ‘recipe’, each containing one or more
active substances or ingredients and additives for well-
defined roles. These formulations are generally ready-to-use
commercial products prepared by chemical formulators. A
laundry processing 6 tons of linen a day uses some thirty dif-
ferent formulations in its industrial process, which represents
a significant number of chemical substances that are difficult
to quantify (Lacalamita et al. 2023). This study also reported
that the information regarding the precise content of organic
and inorganic substances is limited.

Table 2 also gives examples of substances present in com-
mercial formulations used in the laundry industrial process,
which may be found in wastewater and treated water. These
data have been extracted from manufacturers’ technical data
sheets and safety data sheets (where available) and from
published literature (Bajpai and Tyagi 2007; Yu et al. 2008;
Ivankovié¢ and Hrenovi¢ 2010; Steber and Wiebel 2012;
Abd El-Gawad 2014; Braga and Varesche 2014; Zavala and
Estrada 2016). In general, the chemical composition of the
formulations is often not detailed in the data sheets of the
products used, with only the role and function of the active
agents being described.

Sometimes, certain formulations indicate biodegradabil-
ity or the absence of target substances such as phosphates,
alkylphenols, optical bleaching brighteners, metals, chlorine,
fluorinated substances, and ethylenediaminetetraacetic acid
or EDTA. However, although some commercial formula-
tions are defined as biodegradable in agreement with their
safety data sheet, numerous contaminants present in these
formulations are a risk to human health and the integrity
of the aquatic ecosystem because they are persistent and
toxic to organisms (Steber and Wiebel 2012; Abd El-Gawad
2014; Altenbaher et al. 2014; Méndez-Hernandez et al.
2022). Many of these substances have been debated for more
than 20 years (Warne and Schifko 1999; Scott and Jones
2000; Kohler 2006; Ivankovi¢ and Hrenovi¢ 2010; Steber
and Wiebel 2012; Abd El-Gawad 2014; Altenbaher et al.
2014; Rebello et al. 2014; Méndez-Hernandez et al. 2022).
Another important point concerns the fact that there are no
specific regulations on the chemicals to be used, but simply
recommendations for the use of biodegradable products.

Wastewater and discharge water quality

In any industrial process, the water taken for the process
has been contaminated. Before considering any kind of
treatment, it is necessary to know the volume of effluent to
be treated, as well as the form, type, and concentration of
contaminants (Morin-Crini and Crini 2017; Liu and Liptak

2000). The exact nature of the contamination in terms of
origin and toxicity must also be known. Raw wastewater or
effluent can be a non-uniform colored, malodorous mixture
containing solids, including colloids, immiscible liquids
such as oils, greases, hydrocarbons, and soluble substances
of chemical or biological origin. The presence of such con-
taminations can also result in wastewater with high redox
potential, high acidity or alkalinity, variable temperature,
and pathogenicity problems. The chemical composition of
laundry wastewater varies based on the sources, influenced
by the washing method, the type of laundry, and the effi-
ciency of the washing machine. The primary chemical con-
stituents found in laundry wastewater include surfactants,
bleaching agents, enzymes, optical brighteners, phosphates,
dyes, fragrances, heavy metals, and microplastics. It is
important to note that the concentrations of these chemicals
typically diminish throughout the wastewater treatment pro-
cess. Additionally, these levels may fluctuate over time due
to a variety of factors, including dilution and degradation,
seasonal variations, variations in treatment efficiency, and
regulatory changes (Oteng-Peprah et al. 2018; Jayanto et al.
2021; Khajvand et al. 2022).

Water quality, including wastewater quality and discharge
water quality, can then be defined by physical, chemical, and
biological characteristics or analytical parameters (Liu and
Liptak 2000; Noutsopoulos et al. 2018; Prochiazkova and
Masa 2022; Kumar et al. 2022; Aguilar-Torrejon et al. 2023).
Physical parameters include temperature, turbidity, color,
total dissolved solids, and total suspended solids. Solids can
be classified into suspended and dissolved substances, as
well as organic and inorganic fractions. A classic parameter
for solids is the measurement of total dissolved solids and
suspended solids, abbreviated as TDS and SS respectively.
Chemical parameters associated with the organic content of
industrial wastewater include pH, acidity, alkalinity, salin-
ity, conductivity, dissolved oxygen (DO), chemical oxygen
demand (COD), biological oxygen demand (BOD), total
organic carbon (TOC), oil and grease, hydrocarbons, etc.,
and the measurement of target organic substances. Inorganic
chemical parameters include metals, chlorides, fluorides,
sulfates, forms of nitrogen, total phosphorus, etc. Bacterio-
logical parameters include coliforms, specific pathogens,
algae and viruses.

All laundry activities generate a tremendous amount of
wastewater (Bering et al. 2017, 2018a, b; Oteng-Peprah
2018; Watiniasih et al. 2019; Ho et al. 2021; Najim et al.
2022; Kumar et al. 2022; Lacalamita et al. 2023; Melian
et al. 2023). Their composition and concentration vary
according to the type of linen washed, the washing cycles,
and the used products. As a result, the raw effluents are
polycontaminated mixtures that can vary significantly in
quality and quantity over time. There is a consensus, par-
ticularly in the literature, on the fact that these wastewaters



are characterized by high temperatures, basic pH values,
high salinity, the presence of suspended solids (SS) includ-
ing colloids, high values of COD and BOD, and the pres-
ence of organic and inorganic substances, such as met-
als, nitrogen and phosphorus peaks (Aonghusa and Gray
2002; Abd El-Gawad 2014; Braga and Varesche 2014;
Dabkowska 2017; Watiniasih et al. 2019; Najim et al.
2022).

Wastewater is also viscous, turbid, odorous, and some-
times colored. This is why the raw effluents are considered
a potential primary pollution source because they contain
an important amount of chemical impurities from the dirt
from the washed textiles, along with the washing chemi-
cals, which can be used in excess (Altenbaher et al. 2014,
Bering et al. 2018a, b; Santiago et al. 2021; Kumar et al.
2022; Melian et al. 2023). Furthermore, there are currently
no regulations governing this type of pollution for the indus-
trial laundry sector.

The main parameters of water from laundries often
described in the literature are: pH, SS, COD, and BOD
(Braga and Varesche 2014; Lacalamita et al. 2023; Foun-
toulakis et al. 2016; Dabkowska 2017). Sometimes, from an
analytical point of view, a few target chemicals are described
and studied. Among the chemical contaminants that may be
in dissolved and particulate forms, many target substances,
organic and mineral, have been identified, including linear
alkylbenzene sulfonate, anionic, cationic and nonionic sur-
factants, lactate acid, malic acid, isobutyric acid, calcium,
magnesium, phosphate, chloride, lead, zinc, iron, oil prod-
ucts, microplastics, nanoparticles, and microfibers. Anionic
surfactants are of primary interest, for which examples of
variations from 4.48 to 19.93 mg/L have been reported (Pan-
dey et al. 2020).

However, the concentrations described vary greatly and
it is very difficult to compare the data. For example, authors
have registered the presence of substances of interest in laun-
dry wastewater with the following concentrations: anionic
surfactant (4.48-19.93 mg/L), calcium (16.94 +2.52 mg/L),
and magnesium (11.54+1.10 mg/L) (Pandey et al. 2020);
detergent (463 mg/L), phosphorous (27.6 mg/L), lead
4.35 mg/L, and zinc 3.2 mg/L (Janpoor et al. 2011); anionic
surfactant (6.5 mg/L), cationic surfactant (0.07 mg/L), and
nonionic surfactant (275 mg/L) (Kaya and Dayanir 2020);
anionic surfactant (7.51 mg/L), microplastics (15,804
MPs/L), and phosphate (13.8 mg/L) (Akarsu and Deniz
2021); total surfactants (9.42 +0.85 mg/L), phosphorous
(3.25+0.10 mg/L), and Fe (0.22+0.12 mg/L) (Meli4n et al.
2023); linear alkylbenzene sulfonate (81 + 82 mg/L), lactate
acid (96 +93 mg/L), malic acid (85 + 143 mg/L), isobutyric
acid (48 + 87 mg/L), phosphate (196 + 136 mg/L), and chlo-
ride (89 +£42) (Delforno et al. 2014); alkyl benzene sulfonate
(19.68 mg/L) and oil products (3.70 mg/L) (Terechova et al.
2014).

Nonetheless, the analysis of all the data shows, that in
terms of water treatment and engineering, the two main
problems are the presence of particles and a strong organic
load characterized by the COD and BOD parameters (Ber-
ing et al. 2011; Braga and Varesche 2014; Nicolaidis and
Vyrides 2014; Sheth et al. 2017; Huang et al. 2019a, b;
Furtado et al. 2020; Moharir et al. 2020; Ho et al. 2021;
Jayanto et al. 2021; Alhinai 2022; Prochazkova and Masa
2022; Lacalamita et al. 2023). There is an urgent need for
precise analytical data on the exact composition of laundry
water (Braga and Varesche 2014; Noutsopoulos et al. 2018)
and its temporal variability (Abney et al. 2021; Sheth et al.
2021; Lacalamita et al. 2023).

Regulations

Industrial laundries are increasingly being subjected to a
variety of environmental regulations related to water con-
sumption and wastewater management (Swartz et al. 2017,
Khajvand et al. 2022; Prochazkova and Masa 2022; Kone¢na
et al. 2023; Melian et al. 2023). Compliance with these regu-
lations is necessary not only to avoid paying too many fines
under the ‘polluter pays principle’ but also to maintain the
company’s reputation.

This industrial sector is primarily a major consumer of
water. As already stated, water consumption depends on the
type of laundry, dirt, and the number of washing chemicals
used and their concentration (Mozia et al. 2020). In Europe,
water withdrawal is regulated (Directives EC n° 648/2004
and EC n° 907/2006; EC 2004, 2006). Each establishment is
authorized to take and use a daily volume and an annual vol-
ume fixed in a regulatory framework, which will depend on
the tonnage of their activity (Pedrazzani et al. 2012; Oteng-
Peprah 2018; Mozia et al. 2020). Lacalamita et al. (2023)
have recently reported that a French establishment that pro-
cesses between 6 and 7 tons of linen per day is allowed to
use a maximum volume of 250 m> daily. In the case of this
company, the amount of water used in the industrial process
is between 100 and 120 m>, thus generating an identical vol-
ume of wastewater that must be treated. Bering et al. (2018a,
b) previously reported that a Polish industrial laundry with
a washing capacity of 80 tons of textiles per day generated
nearly 600 m?® of polycontaminated wastewater daily.

Industrial laundry is an important producer of wastewater,
which must be treated before discharge and, above all, must
meet emission limit values for several water parameters and
target substances. Industrial laundries encounter substan-
tial challenges associated with the treatment of wastewater,
which is characterized by a complex array of contaminants
such as surfactants, fats, oils, phosphates, and suspended sol-
ids. These pollutants, primarily derived from the extensive
utilization of detergents and cleaning agents, are difficult to
manage due to their fluctuating concentrations and unique



chemical properties. Furthermore, the effectiveness of cur-
rent wastewater treatment technologies is often inadequate
for such a diverse range of pollutants, with surfactants pre-
senting particular difficulties because of their high solubility
and limited biodegradability. Additionally, industrial laun-
dries face regulatory hurdles as specific guidelines tailored
to laundry wastewater management are lacking. This defi-
ciency forces these facilities to comply with a spectrum of
general water quality standards, which can vary significantly
across different jurisdictions. Moreover, the economic and
operational burdens associated with the implementation
of advanced treatment technologies represent another sig-
nificant challenge (Swartz et al. 2017; Noutsopoulos et al.
2018; Oteng-Peprah 2018; Ho et al. 2021; Singh et al. 2022;
Konec¢na et al. 2023). These systems not only require sub-
stantial capital investment but also entail high operational
costs, including those for energy consumption and ongoing
maintenance, which must be balanced against the necessity
for effective wastewater management.

However, only a few chemical analyses are taken into
account (Directives EC n° 648/2004 and EC n° 907/2006;
EC 2004, 2006). For detailed information on the quality
parameters of laundry wastewater, it is necessary to refer
to the national regulations or guidelines issued by the envi-
ronmental agencies of each EU Member State (Melian et al.
2023). These documents generally provide specific limits
and guidelines adapted to local conditions and wastewater
treatment facilities. With the aim of achieving carbon neu-
trality in the EU by 2050, the European Green Deal recog-
nizes wastewater treatment as a crucial area for environmen-
tal improvement, with particular emphasis on improving the
chemical efficiency of the treatments used and encouraging
innovation to find more virtuous and energy-efficient tech-
niques. The European Green Deal presents both challenges
and opportunities for the laundry industry. By embracing
innovation, adopting sustainable practices and collaborating
with stakeholders, the laundry industry can play a crucial
role in achieving cleaner water and a more sustainable future
(EC 2019, 2020a).

In France, with the progressive implementation of various
European directives emanating from the 2000 Water Frame-
work Directive and their transposition into French laws, a list
of nine water parameters and 21 substances have been estab-
lished for the laundry sector since 2007 (Table 3), which is
part of the textile sector (French action called “Monitoring
and Reduction of Substances Present in Water”; first circular
dated 7 May, 2007). All these parameters and substances are
thus characteristics of the waters of the laundry sector. From
this list, each French laundry must monitor a certain num-
ber of parameters and substances declared in their prefec-
tural degree of discharge at a given frequency. Since 2018,
Table 2 provides a list of substances that has been supple-
mented with the following: aluminum, iron, six pesticides

(quinoxyfen, aclonifen, bifenox, cybutryne, cypermethrin
and heptachlor), hexabromocyclododecane, perfluorooc-
tanesulfonic acid, and di(2-ethylhexyl)-phthalate (the Jour-
nal Officiel de la République Frangaise of 6 October 2017).
However, these substances are not systematically imposed
on launderers, but they can be subject to ad hoc analyses
(Lacalamita et al. 2023). In addition, there are currently no
regulations governing the potential presence of microfibers
in discharged water, except the measurement of SS.

Table 4 shows the legal maximum admissible level
for different parameters and pollutants present in laundry
discharge waters according to the regulations of different
countries (France, Spain, Italy, Greece, Romania, Mexico,
Indonesia, Oman, USA, and China). It can be seen from this
table that there are differences in the standards for industrial
wastewater discharge among different countries (Kavvalakis
et al. 2016; Wang et al. 2021; Alhinai 2022; Violenta et al.
2022; Lacalamita et al. 2023, 2024; Melian et al. 2023). In
Europe (France, Spain, Italy, Greece, Romania), there are
specific restrictions on water parameters such as SS, COD,
and BOD. The regulations are generally very stringent,
reflecting the European Union’s overall strict environmen-
tal standards. In Asia (China, Indonesia), China has stricter
regulations on nitrogen, phosphorus, and metals, especially
in cities like Beijing, while Indonesia’s standards are rela-
tively lenient but are tightening progressively. In the Ameri-
cas (USA, Mexico), the standards in the USA vary by state,
often focusing on reducing nutrients and toxic substances.
Mexico is improving its standards but they are not as strin-
gent as those in the USA.

In Canada, there is not a unified set of water quality
standards, due to the variable guidelines and standards set
by the various provinces. In the Middle East (Oman), there
are particularly high standards for COD and metals, indicat-
ing a strict regulatory approach. However, these standards
pose several challenges, such as technological limitations,
especially in developing countries where facilities may lack
advanced treatment technologies to meet stringent stand-
ards; economic constraints that make upgrading facilities
costly and challenging, particularly for small and medium-
sized enterprises; regulatory enforcement issues where
lack of stringent enforcement leads to non-compliance;
and knowledge gaps in awareness or expertise regarding
the best available technologies for wastewater treatment. In
future, as environmental awareness increases, regulations
are likely to become more stringent, with lower permissible
limits for pollutants and the establishment of standards for
new parameters (Kavvalakis et al. 2016; Swartz et al. 2017,
Oteng-Peprah 2018; Ho et al. 2021; Alhinai 2022; Singh
et al. 2022; Violenta et al. 2022; Wang et al. 2021; Kone¢na
et al. 2023; Melian et al. 2023).

Most laundry effluent is discharged into municipal
sewer systems and treated in local wastewater treatment



Table 3 French list of water

Category Name Abbreviation  Unit Substance family

parameters and substances

s Vo mserp |

de la République Frangaise of Water parameter ~ Temperature T C

6 October 2017; Annex VII for Water parameter ~ Total suspended solids SS mg/L

industrial Water parameter ~ Chemical oxygen demand COD mg/L
Water parameter ~ Biological oxygen demand BOD mg/L
Water parameter ~ Total phosphorus mg/L
Water parameter ~ Total nitrogen mg/L
Water parameter ~ Total hydrocarbons mg/L
Water parameter ~ Adsorbable organic compounds ~ AOX mg/L
Substance Total cadmium Cd mg/L orpg/L  Metals
Substance Total chromium Cr mg/L or pg/L. Metals
Substance Total copper Cu mg/L or pg/L. Metals
Substance Total lead Pb mg/L or pg/L. Metals
Substance Total mercury Hg mg/L or pg/L Metals
Substance Total nickel Ni mg/L or pg/L.  Metals
Substance Total zinc Zn mg/L or pg/L. Metals
Substance Trichloroethylene ug/L VOCs®
Substance Tetrachloroethylene ug/L VOCs?*
Substance Carbon tetrachloride ug/L VOCs?*
Substance Chloroform ug/L VOCs?*
Substance 1,4,6-Trichlorophenol TCP ug/L Phenols
Substance 2-Chlorophenol 2-CP ug/L Phenols
Substance Nonylphenols NPs ug/L Phenols
Substance Anthracene ug/L PAHs®
Substance Fluoranthene pg/L PAHs"
Substance Naphthalene pg/L PAHs"
Substance Brominated diphenyl ethers BDEs® pg/L Organobromines
Substance Tributyl-tin pg/L Organotins
Substance Dibutyl-tin ug/L Organotins

*Volatile organic compounds

®Polycyclic aromatic hydrocarbons

“Seven BDEs: 47, 99, 100, 154, 153, 183, and 209

facilities. However, the impact of these waters on the oper-
ation of urban wastewater treatment plants has been stud-
ied very little, and so has their toxicity. Currently, from a
regulatory perspective, unlike other industrial sectors, eco-
toxicological testing is not required to assess the toxicity
of aqueous releases, even though biological contamination
of water, whether bacterial, algal or fungal, is beginning to
interest the authorities. As previously reported by Rebello
et al. (2014), it is necessary to study the ecotoxicological
impacts of the treated water on different bioindicators. The
state-of-the-art shows that in this domain, there is very lit-
tle data regarding water toxicity (Blasco et al. 2003; Paz
et al. 2006; Steber and Wiebel 2012; Rebello et al. 2014;
Kern et al. 2015; Silva et al. 2018; Mousavi and Khoda-
doost 2019; Badmus et al. 2021; Tomsic et al. 2023).

Environmental challenges

Nowadays, industrial laundries are effective in terms of
water and energy use. Modern sustainable technologies in
this field make it possible to significantly reduce costs as
well as protect the environment. However, this industrial
sector must constantly adapt as regulations evolve rapidly,
particularly with the occurrence of the problem of emerg-
ing polluting substances present in environmental compart-
ments, for example, perfluoroalkyl and polyfluoroalkyl sub-
stances (PFAS) and alkylphenols (APs) (Gliige et al. 2020;
van der Veen et al. 2022), the presence of microfibers in
treated waters (Belzagui and Gutiérrez-Bouzin 2022; Gutié-
rrez et al. 2022; Le et al. 2022; Sotiropoulou et al. 2023), and
water scarcity and drought.
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In addition to energy challenges (Konec¢na et al. 2023),
industrial laundries face common environmental challenges
regarding water resources (Swartz et al. 2017; Noutsopoulos
et al. 2018; Oteng-Peprah 2018; Ho et al. 2021; Singh et al.
2022; Lacalamita et al. 2023), which can be summarized as
follows:

e decrease the amount of water per ton of dirty laundry to
be treated, also with the aim of making water use more
efficient,

e use biodegradable, ecological, and safe cleaners and rea-
gents for manipulators,

e produce water and waste that do not pose a risk to the
health of employees and workers,

e improve the operation of the treatment plant on site,

¢ reduce the flow of pollution (in term of water parameters)
and pollutants,

e recycle treated wastewater,

e determine the qualitative and quantitative chemical com-
position of discharge waters; on this point, in France,
actions are currently being carried out to collect analyti-
cal information on the chemical substances released, in
particular emerging substances of recent interest such as
alkylphenols and fluorinated substances; these actions
should make it possible to propose complementary treat-
ment solutions for these target substances by 2028,

e start studying the presence of microfibers in wastewater
and discharged waters and propose solutions to reduce
this type of pollution (for the moment, there are no spe-
cific regulations on this subject, only recommendations).

Textiles are a major source of microparticle pollution in
the aquatic environment (Vassilenko et al. 2019; Gavigan
et al. 2020; Gaylarde et al. 2021; Belzagui and Gutiérrez-
Bouzan 2022; Gutiérrez et al. 2022; Le et al. 2022; Bhat
and Gani 2024). These textile microfibers coming from
clothing are the main source of primary microplastics in the
oceans, being the most common plastics found in aquatic
animals (Gaylarde et al. 2021). Bhat and Gan (2024) stud-
ied the presence of microfibers (MFs) in the wastewater of
Dhobi Ghats, a city in northern India, and compared it with
microfiber pollution from commercial laundries. Concentra-
tions of 3204 +270 MFs/L and 36,923 + 389 MFs/L were
recorded, respectively. In addition, microfibers smaller than
75 pm dominated in effluents from commercial laundries
(around 53% of the total), and microfibers between 75 and
150 pum (around 52% of the total) were present in effluents
from the Dhobi Ghats (Bhat and Gani 2024). The presence
of these textile microfibers can negatively impact the aquatic
ecosystem via several pathways, recently discussed by Le
et al. (2022): for example, releasing toxic chemicals, acting
as carriers of others contaminants, and blocking the diges-
tive tract of aquatic organisms.

The presence of textile microfibers in water has been the
subject of numerous comprehensive publications over the
last decade (Prata 2018; Gatidou et al. 2019; Liu et al. 2019;
Vassilenko et al. 2019; Sun et al. 2019; Bretas Alvim et al.
2020; Gavigan et al. 2020; Ramasamy and Subramanian
2021; Turan et al. 2021; Kwak et al. 2022; Le et al. 2022;
Belzagui and Gutiérrez-Bouzan 2022; Allen et al. 2024;
Arif et al. 2024). In Europe, this source of pollution as a
global environmental problem is a key priority (EC 2018,
2020a). It is estimated that synthetic textiles are responsible
for a global discharge of between 0.2 and 0.5 million tons of
microplastics into the oceans each year (Sherrington 2016).
Among anthropic activities, laundry activities are the most
important source of microfibers in the aquatic environment
(Hernandez et al. 2017; De Falco et al. 2019; Le et al. 2022).
Indeed, the majority of microfibers from textiles are released
the first few times textiles are washed. The factors caus-
ing the increase in microfiber release have been discussed
(Hernandez et al. 2017; Issac and Kandasubramanian 2021;
Periyasamy 2021). Since microfibers are not retained by
washing machines, they are discharged with the washing
machine wastewater. They are also emitted during textile
manufacturing, garment wearing and end-of-life disposal,
and are dispersed not only in water but also in air and soil.
Much of the particulate matter, including microfibers and
microplastics that end up in wastewater, is retained by waste-
water treatment plants. However, a significant fraction is
found in the aquatic environment (Mcllwraith et al. 2019;
Sun et al. 2019). Action must therefore be taken to eliminate
this pollution, which has an impact on aquatic life and the
degradation of biodiversity.

The important question is whether the problem should be
dealt with upstream, that is, in the wastewater coming out of
the laundry plants and the washing machines coming out of
the homes, or downstream, that is, going into the urban treat-
ment plants. A combination of both seems to be the solution
(MclIlwraith et al. 2019). The laundry industry is aware of
the problem and is looking for solutions (Hernandez et al.
2017; Belzagui and Gutiérrez-Bouzan 2022; Le et al. 2022).
Belzagui and Gutiérrez-Bouzan recently reviewed alterna-
tives for the reduction of textile microfibers emission to
water and discussed some viable solutions present on the
market (Belzagui and Gutiérrez-Bouzan 2022). For exam-
ple, new detergents and additives are being developed to
reduce the generation of microfibers during washing. The
use of new liquid detergents and fabric softeners can reduce
the friction and damage to the fibers during washing. It is
known that washing powders tend to induce more losses than
liquid detergents, as they act as abrasives damaging the fib-
ers. One solution could be to install new washing machines
whose technologies promoting short washing cycles while
using low temperatures, can reduce the rate of release of
microfibers.



Other initiatives exist, as in France, where washing
machine manufacturers are required to install microfiber
filters in their machines from 2025, in order to reduce micro-
fiber pollution. France is the first country in the world to leg-
islate on this type of pollution (AGEC Law—Loi anti-gaspill-
age pour une économie circulaire; decree no. 2022-336 of
10 March 2022). This French law is anticipated to have sig-
nificant environmental and economic impacts, stimulating
innovation in washing machine technology and influencing
global standards on mitigating pollution by textile micro-
fibers. On this topic, Le et al. (2022) reported that small
devices for capturing microfibers during household laundry
activities are simple to use and affordable at the household
level. This would require investment to develop adequate fil-
tration systems for industrial washing machines (Mcllwraith
et al. 2019; Belzagui and Gutiérrez-Bouzéan 2022).

Another important topic is the presence of so-called
emergent substances in aqueous compartments (Pefia-
Guzman et al. 2019; EC 2020b; Patel et al. 2020; ECHA
2022; Morin-Crini et al. 2022). For example, in Europe,
the presence of PFAS substances in tap water and waters
in general has become a priority (Gliige et al. 2020; van der
Veen et al. 2022; Hubert et al. 2024). However, due to their
chemical stability and poor degradation, these substances
are poorly or even not eliminated by conventional water
treatment methods (Buck et al. 2011). Because they have no
carbon—carbon double bonds and no functional groups, they
are also resistant to advanced oxidation processes. Innova-
tion is therefore required to find removal solutions. Another
alternative is to stop the usage of detergent formulations con-
taining these substances. In any case, the laundry sector, like
other industrial sectors, will have to take action to eliminate
these emerging substances (Lassen et al. 2015). Since 2023,
French companies, including those in the laundry sector,
have had to monitor the presence of fluorinated substances
in their effluent over a 6-month period. Eventually, based
on the results of these campaigns, manufacturers will have
to take action to eliminate PFAS, which are considered to
be priority hazardous substances (the Journal Officiel de la
République Frangaise of 6 October 2017; French Ministry
of Ecology and Solidarity).

Chemical substances in discharge water
from the laundry industry

The review of the literature shows that numerous works men-
tion a number of water parameters to characterize water from
domestic and commercial laundry sources, with COD and
BOD being the most widely considered (Bering et al. 2011;
Braga and Varesche 2014; Sibil et al. 2014; Sheth et al.
2017; Noutsopoulos et al. 2018; Abney et al. 2021; Alhinai
2022; Kumar et al. 2022; Luo et al. 2022; Prochazkova and

Maésa 2022). However, precise data concerning the pollu-
tion in terms of qualitative and quantitative fluctuations in
discharge water from the laundry sector have seldom been
reported. Indeed, among the approximately 100 recent publi-
cations examined, only two publications are available on the
temporal variability of the chemical composition of laundry
water (Braga and Varesche 2014; Lacalamita et al. 2023).

Braga and Varesche (2014) were the first to publish
detailed information on the chemical composition of 30
laundry discharge waters taken over a one-month period. In
particular, they identified and quantified 8 metals (Cd, Cr,
Cu, Fe, Mn, Ni, Pb, and Zn), forms of nitrogen, phosphates,
linear alkylbenzene sulfonates, 11 volatile fatty acids,
and traditional water parameters (pH, SS, COD, BODys).
The results showed that COD values were in the range of
622-4796 mg/L with an average of 17104968 mg/L. For
SS, the values varied from 10 to 290 mg/L with an average
of 80+ 60 mg/L. Among the metals analyzed, iron and zinc
were observed to have the highest concentrations in 100%
of the samples. Linear alkylbenzene sulfonates were quan-
tified in all samples, with concentrations between 12.2 and
1023 mg/L. Phosphates were detected in 93% of samples
with an average of 94.6 mg/L. A wide variety of volatile fatty
acids was found, the most common acids being propionic
and isobutyric (100% of samples). Thirty-three xenobiotic
organic molecules, including phthalates and nonylphenols,
were identified but not quantified. The authors concluded
that the main groups of chemicals were fragrances, preserva-
tives, solvents, and some surfactants. Alhinai (2022) also
pointed out the fact that metals, in particular copper, iron,
and magnesium, were systematically identified and quanti-
fied in all the samples.

Only one paper in the literature, by Lacalamita et al.
(2023), presents detailed analytical data on industrial laun-
dry discharges and their temporal variability from both a
qualitative and quantitative point of view. These authors
investigated the chemical composition of the discharge water
from a French laundry industry over a 12-month period for a
total of 24 samples. The company processes 6000-7000 kg
of laundry per day, uses 100-120 m? of water per day and
about thirty formulations in its industrial process, rang-
ing from detergents to perfumes, including stain removers,
disinfectants, bleaching agents, builders, enzymes, optical
brighteners, and softeners. Over 160 chemical substances,
including 27 metals, 58 volatile organic compounds, 16
polycyclic aromatic carbons, 7 polychlorobiphenyls, 9 alkyl-
phenols, 22 chlorophenols, and 6 pesticides, were monitored.
Their results showed that the discharged water presented
both inorganic and organic polycontamination with a high
degree of qualitative and quantitative variability but the
water complied with the regulations in force. Of all moni-
tored substances, only five metals (Al, Cu, Fe, Sr, and Zn),
five minerals (P, Ca, K, Na, and S), and alkylphenols were



systematically present and quantifiable, while others, such as
trichloromethane, brominated diphenyl ether, and fluorides,
were occasionally found and quantified. Substances, such
as chlorophenols, organo-tins, and pesticides were never
identified.

The data of Lacalamita et al. (2023) also reported that, all
the samples had quantifiable levels in COD and BODs. The
average and standard deviation values were 835+ 176 mg/L
for COD and 445 + 114 mg/L for BODys, indicating a bio-
degradability index of 2.0 +0.4. In Europe, the water ref-
erence value for this index is 2.5 (Directive 91/271/CEE,
21-03-1994). The authors concluded that the main problem
was the presence of a high organic load characterized by
high BOD values. In another recent work (Lacalamita et al.
2024), the same group showed that BOD,, values were par-
ticularly high compared to the initial COD, confirming the
biodegradability of water. Laundry effluents were also rich
in substances that are quickly biodegradable, which has been
demonstrated by the values of the ratio between BOD, and
BODs. However, a significant proportion of surfactants was
not degraded, as shown by total organic carbon measure-
ments and anionic surfactant analysis.

It needs to be noted that microfibers in industrial laundry
wastewater represent a significant source of microplastic
pollution, impacting aquatic ecosystems through physical
harm and chemical release, affecting marine life and, poten-
tially, human health. Research and regulatory efforts focus
on developing effective filtration technologies, identifying
key sources of microfiber emissions, and enhancing public
and industry awareness towards sustainable practices. Tech-
nological innovations like advanced filters and improved tex-
tile materials aim to mitigate microfiber shedding. Although
strides are being made in understanding and addressing
microfiber pollution, comprehensive solutions and wide-
spread regulatory measures are still needed to significantly
reduce their environmental impact (Bretas Alvim et al. 2020;
Ramasamy and Subramanian 2021; Turan et al. 2021; Kwak
et al. 2022; Le et al. 2022; Belzagui and Gutiérrez-Bouzan
2022; Allen et al. 2024; Arif et al. 2024).

Treatment of wastewater from laundries
Wastewater treatment

Wastewater from the laundry sector is known to be difficult
to treat through conventional processes (Seo et al. 2001;
Hoinkis and Panten 2008). In general, to achieve the decon-
tamination objectives, a combination of physical, chemical,
and biological methods is used (Antonopoulou et al. 2013;
Arvaniti and Fountoulakis 2021; Ho et al. 2021; Wang et al.
2021; Kumar et al. 2022). However, detailed information on
the type of treatment is scarce in the open literature. It is a

very confidential sector (Lacalamita et al. 2023), and each
laundry has its own processing method and know-how for
the decontamination of its wastewater.

In general, a water treatment scheme has two main stages:
the first is a primary treatment coupled with a pre-treatment,
and the second is a purification or secondary treatment,
which is the most important step to eliminate pollution.
Pre-treatment, which can be carried out by mechanical,
physical or chemical means, is used to remove solid parti-
cles, suspended substances, oils, and greases, as well as to
oxidize and decomplex the substances. Wastewater is a mix-
ture of organic and inorganic substances, in both insoluble
and soluble forms, which interact strongly with each other,
often under highly alkaline and saline conditions, and at
variable temperatures. Techniques used include filtration,
flotation, centrifugation, chemical oxidation, and chemical
coagulation assisted by flocculation and separation stages
(Matthaios et al. 2016; Huang et al. 2019a, 2019b; Mosta-
fazadeh et al. 2019; Yaseen et al. 2019; Kelemen et al. 2020;
Moharir et al. 2020; Ho et al. 2021; de Oliveira Cardoso
Nascimento et al. 2021; Santiago et al. 2021; Khajvand et al.
2022; Kumar et al. 2022, 2023; Lacalamita et al. 2023, 2024,
Melién et al. 2023; Vishali et al. 2023). The primary treat-
ment stage is essential before considering secondary treat-
ment, as particulate pollution and chemical complexation
problems will hinder subsequent treatment, render it less
effective, or damage treatment equipment.

Pre-treated effluent can then undergo secondary purifica-
tion using the most appropriate chemical or biological tech-
niques available to remove the dissolved organic load. Tech-
niques used include chemical or electrochemical coagulation
(electrocoagulation) alone or assisted by flocculation and
separation steps (Ramcharan and Bissessur 2017; Dimoglo
et al. 2019; Akarsu and Deniz 2021), chemical precipitation
assisted by flocculation and filtration steps, biodegradation,
and membrane bioreactor processes (Bering et al. 2017,
2018a, 2018b; Janus et al. 2017), the two latter methods
also being assisted by subsequent separation steps between
the sludge formed and the clarified/treated water. In some
cases, there may be a final pH adjustment stage.

If it complies with regulations, the final water is sent
either to the environment or to the treatment plant of the
city where the laundry is located, the latter being the most
frequent case in Europe. It is important to note that dis-
charged water always presents mineral and organic con-
tamination at variable concentrations, a relatively basic pH
close to 8, high salinity, and the presence of colloids that
are very difficult to eliminate completely. In certain cases, a
final or tertiary treatment, using membrane filtration tech-
nique (Barambu et al. 2020; Kaya and Dayanir 2020; Kumar
et al. 2022), for instance, can also be required to remove the
remaining pollutants or the molecules produced during the
secondary purification, e.g., the removal of salts produced



by the mineralization of organic matter. However, the use
of tertiary treatment in Europe is limited, though it may be
necessary in the future if new restrictions are applied. Fig-
ure 4 shows an example of a wastewater treatment system
of a French laundry company, which treats between 100 and
120 m? of wastewater per day using a range of physical,
chemical, and biological techniques.

Tertiary technologies for laundry water treatment

In terms of pollution prevention, industrial laundries are
looking for alternative or complementary solutions as regu-
lations evolve. However, finding a tertiary water treatment
process that is both efficient, viable and environmentally
friendly is a real challenge for this sector, because their
wastewater volumes are very high and, as mentioned above,
even if they respect the regulations, these waters are often
polycontaminated, complex, highly variable and very saline
(Ho et al. 2021; Khalid et al. 2022). Tracking trace contami-
nants in variable waters is not easy. In addition, tertiary tech-
nology must be easily incorporated into existing treatment
plants. It must also be energy-efficient and ideally allow
recycling the treated water in the industrial process. So, the
complementary process must take account not only of these
technical and scientific questions but also of economic and
ecological criteria.

The literature reports on several tertiary technologies for
the post-decontamination of laundry water. These technolo-
gies can be divided into three main categories: conventional
methods such as biodegradation and adsorption on activated

Wastewater _l

| Pretreatment | - Filtration
- Centrifugation

- pH adjustment

Pretreated effluent - Oxidation
- Coagulation

4

Primary treatment

- Coagulation

- Selective precipitation
- Flocculation

- Filtration

Treated effluent - Adsorption
- Separation

| Secondary treatment |- Biodegradation

- Filtration
Discharge water - Advanced oxidation

Fig.4 Example of a wastewater treatment system of a French laun-
dry company, which treats between 100 and 120 m® of contaminated
water per day using a range of physical, chemical, and biological
techniques (source: G. Crini)

carbons; established decontamination techniques such as
liquid-liquid extraction, ion-exchange assisted by filtration
and adsorption steps, membrane filtration, electrochemical
treatment (electro-coagulation, electro-flotation), membrane
bioreactors, constructed wetlands, and evaporation assisted
by adsorption post-treatment; and emerging techniques such
as advanced oxidation and biosorption (Fountoulakis et al.
2016, 2017; Crini et al. 2019; Kora et al. 2020; Kotsia et al.
2020; Arvaniti and Fountoulakis 2021; Peter et al. 2021;
Elgarahy et al. 2022; George et al. 2022; Morin-Crini et al.
2022; Tawfik et al. 2022; Anand et al. 2023; Balakrishnan
et al. 2023; Farghali et al. 2023; Melian et al. 2023; Peng
et al. 2023; Wu et al. 2023; Ruan et al. 2024; Sivanesan et al.
2024). Each treatment has its own constraints in terms of
cost, feasibility, efficiency, practicability, reliability, envi-
ronmental impact, sludge production, operation difficulty,
pre-treatment requirements, and the formation of potentially
toxic byproducts (Morin-Crini and Crini 2017; Crini and
Lichtfouse 2019). Indeed, sustainability in industrial laundry
wastewater treatment extends beyond the removal of con-
ventional pollutants. By integrating water reuse into their
objectives, for example by using membrane filtration and
bioreactors, laundries can significantly reduce their envi-
ronmental impact and move towards a circular economy.
Despite current challenges, the benefits of sustainable prac-
tices, including cost savings and compliance with evolving
regulations, highlight their promising potential for the future
of the laundry industry (Morin-Crini et al. 2022).

Table 5 summarizes the advantages and disadvantages
of different techniques using information published in the
literature and provided by water engineering professionals.
However, among the various tertiary treatment techniques
currently cited, only a few are commonly employed by the
laundry sector, for technological and economic reasons.
Moreover, for the moment, regulations do not require a
reversal to complementary treatment techniques. Never-
theless, the issues of reusing treated water, like that of raw
water used and energy (Benis et al. 2021; Ho et al. 2021;
Dimoglo et al. 2022; Khapra and Singh 2023; Konec¢n4 et al.
2023), is of growing interest to industry, as reuse has become
a hotly debated social issue, leading to the use of tertiary
water treatment techniques in the years to come.

Examples of potentially usable water treatment
techniques

The evaluation of the water treatment techniques described
in the previous section took into account criteria such as
removal efficiency, operating and capital costs, complexity,
feasibility, reliability, ease of operation, footprint, sludge
production, environmental impact and scalability. This
evaluation of different water treatment techniques was also
based on the ability to treat the specific contaminants present
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Table 5 (continued)

References

Disadvantages

Advantages

Technique

The selection and design of an evaporator system Haaz et al. (2019)

must be carefully considered for each case: the

A large choice of evaporators having diversity of

Evaporation

Zhang et al. (2022)

sizes and shapes
Effective at any levels of contamination, or when

choice can be difficult depending on the level of Valadez-Renteira et al. (2024)

contamination, flow rate, and other conditions

(temperature, pressure, residence time)

contamination is unknown and non-organic
Interesting when there is not enough space to

The need for proper effluent characterization and

its variability

install a biological unit
Drastic reduction of the volume of liquid waste

High investment and energy cost

which allows a saving in waste management
Permits to achieve zero liquid discharge of waste-

Post-treatment requirements (activated carbon

step, filtration)

water
Reuse of reclaimed water (high quality of the

distillate)

in industrial laundry wastewater, such as high salinity and
variable contaminant loads. Ease of integration into existing
treatment systems and the potential for water reuse were also
taken into account. Based on this assessment, we have iden-
tified several water treatment techniques that can be used to
treat laundry water.

Among the evaluated techniques, the following were
deemed particularly auspicious:

(i) Adsorption on activated carbons: This method is highly
efficient, especially when combined with coagulation,
for removing a broad range of contaminants, including
color and detergents. It provides excellent water quality
but requires pre-treatment and faces challenges such as
rapid saturation and clogging (Atesci and Inan 2023;
Nasir and Titah 2024).

(ii) Membrane filtration techniques (e.g., reverse osmosis,
ultrafiltration): These provide a high-efficiency solu-
tion for removing a wide array of contaminants and
pathogens, making them suitable for reuse applica-
tions. However, they require significant pre-treatment
and maintenance, and they are also energy-intensive
(Huang et al. 2019b; Mostafazadeh et al. 2019; Bilad
et al. 2020).

(iii)) Advanced oxidation processes (ozonation, photoca-
talysis): These are effective for the mineralization of
organic contaminants and are environmentally friendly.
They are particularly useful when chemical residue is
a concern, although they can be costly and technologi-
cally demanding (Souza et al. 2019; Joseph et al. 2021).

(iv) Membrane bioreactors: These are cost-effective and
environmentally sustainable options that are well-
accepted by the public. They are effective for organic
matter removal but may be less effective against non-
biodegradable substances (Bering 2018a, 2018b).

(v) Constructed wetlands, which use natural processes, are
cost-effective and environmentally friendly, offering
good removal of nutrients, (biodegradable) organics,
and pathogens, though they require significant land area
(Tefa et al. 2018; Punyapwar and Mutnuri 2022; Vio-
lenta et al. 2022; Melian et al. 2023; Stefanatou et al.
2024).

Many studies point to the chemical efficiency of the pro-
posed technologies but their economic viability is poorly
addressed. Indeed, there is a lack of economic and financial
data to compare different technologies (Humeau et al. 2011;
Nicolaidis and Vyrides 2014; Punyapwar and Mutnuri 2022;
Melian et al. 2023). Recently, the use of a combined sys-
tem involving constructed wetlands and post-treatment with
carbon adsorption was proposed to treat efficiently laundry
wastewater to meet the required standards with a cost of
0.71 €/m? (Melian et al. 2023). The same performance could



be obtained with photo-Fenton-based technology but with a
cost of 6.72 €/m>. Some papers note that treatment such as
membrane filtration and carbon adsorption may be economi-
cally viable, but no quantified data are available. Any study
comparing wastewater treatment technologies must assess
capital costs (equipment investment) and personnel, opera-
tional expenses (maintenance, operation) and long-term
benefits such as energy savings and environmental impact.
For example, membrane bioreactors typically have higher
upfront costs, but lower operational expenses due to reduced
chemical use and energy efficiency. Conversely, conven-
tional activated sludge systems may have lower initial costs
but higher ongoing operating expenses. Choosing the most
cost-effective technology also requires consideration of local
regulations, water quality objectives and life cycle costs to
optimize investment and operational efficiency. It is there-
fore difficult to define a cost because it depends on several
factors and the tertiary method chosen. In any case, before
choosing a technique, laboratory tests and preliminary tests
on industrial site must be carried out.

Conclusion

After a brief presentation of the activity of industrial laundry
and their problems in terms of aqueous discharges, this com-
prehensive review has elucidated the multifaceted challenges
and current practices associated with wastewater manage-
ment in the industrial laundry sector. The review also listed
chemical substances likely to be found in laundry industry
wastewater, summarized environmental challenges for this
industrial sector, and described data on the chemical compo-
sition of wastewater. A critical analysis of water quality and
treatment methodologies revealed that laundry wastewater
was inherently complex due to its variable chemical com-
position and the presence of organic and inorganic contami-
nants including surfactants and metals. These contaminants
pose significant environmental risks, necessitating advanced
treatment strategies. The main facts and observations are
as follows: an ever-expanding industrial sector, with ever-
increasing water requirements; abundant use of chemical
substances; increasingly stringent discharge regulations;
lack of chemical and biological knowledge of aqueous dis-
charges; little information on water treatment plants; an
industrial desire to withdraw less water and improve dis-
charge quality, with the aim of achieving zero discharge of
pollutants.

The laundry sector is required to implement actions to
reduce the flux of certain substances and water param-
eters discharged into the environment, by 2028 in Europe,
for example. In addition, increasingly restrictive envi-
ronmental standards associated with high water charges
on water consumption and waste streams force industrial

laundries to reuse or recycle treated water by implement-
ing additional treatments. Anyway, before considering any
additional treatment actions, qualitative and quantitative
knowledge of discharges and their temporal variability is
essential. Regrettably, as outlined in this review, the avail-
able data on this aspect remain incomplete. The review
highlighted the effectiveness of various treatment tech-
niques, from conventional physical and chemical processes
to more sophisticated biological and tertiary treatments.
For the first time, the review gave an example of a general
scheme of wastewater treatment, and presented advantages
and disadvantages of water treatment methods that can
be used as secondary treatment in current plants, or ter-
tiary treatment, i.e., complementary to existing treatment.
Among the numerous methods available to treat discharge
water from the laundry industry, membrane filtration and
membrane bioreactors combined with disinfection step are
frequently lauded for their superior efficiency and tech-
nical feasibility, as well as their capability to facilitate
water reuse. However, it must be taken into account in
operating costs that these methods are also energy inten-
sive. Advanced oxidation processes, membrane filtration,
and bioelectrochemical technologies also show promise
for enhancing pollutant removal efficiency. However, the
practical implementation of these innovative methods
encounters obstacles such as high operational costs, tech-
nical complexity, and scalability issues.

Future research should focus on optimizing these
advanced treatment methods to improve their cost-effec-
tiveness and ease of integration into existing facilities
with compact and simple equipment. Objectives should
also focus on the targeted elimination of microplastics and
emerging contaminants. Additionally, there is a pressing
need for more stringent and specific regulatory frame-
works tailored to the unique challenges of laundry waste-
water. Such regulations would encourage the adoption of
best practices and technologies, ultimately leading to more
sustainable water management in the sector. Moreover, the
ongoing development and refinement of treatment technol-
ogies must be paralleled by enhanced regulatory measures
and industry standards. This will ensure that the treatment
processes not only comply with environmental regulations
but also contribute to the broader goal of water sustain-
ability. The findings from this review urge policymakers,
industry stakeholders, and researchers to collaborate more
closely to address the critical issues of water quality and
treatment efficacy in the industrial laundry sector. Finally,
this review serves as a call to action for continuous innova-
tion and stringent regulation in laundry wastewater man-
agement. By advancing our understanding and application
of effective treatment technologies, we can better protect
our water resources and promote a more sustainable and
environmentally responsible industry.
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