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The cattail plant (Typha spp.) is a low-cost, renewable, and multifunctional natural fibre resource with strong
potential for sustainable and circular material systems. This review explores the extraction methods, properties,
and application potential of cattail fibres. Fibre origin and the extraction route are key factors affecting fibre
microstructure and performance. Mechanical extraction typically yields fibres with high variability, whereas
optimized alkali, enzymatic, and hybrid treatments substantially enhance fibre quality. Consequently, reported
tensile strengths for leaf and stem fibres span from below 100 MPa in untreated form to values exceeding 1000
MPa under optimized processing conditions. On a specific property basis, optimized cattail leaf/stem fibres
perform competitively compared to conventional fibres, albeit with greater variability. In composites, cattail
fibres act as effective lightweight reinforcements, offering improved mechanical performance, energy absorption,
and damping. Cattail seed fibres, despite limited tensile capacity, exhibit exceptional bulk resilience and hy-
drophobicity, enabling insulation, cushioning, filtration, and oil-sorption applications. Overall, cattail fibres
emerge as versatile materials whose performance is governed by method-property relationships, supporting their

potential as next-generation sustainable materials.

1. Introduction

Natural fibres for a long time have played a pivotal role in human
civilization, providing essential raw materials for textiles, construction,
packaging, and a wide range of artisanal products (Behera et al., 2025b).
In recent decades, growing environmental concerns over petroleum-
based synthetic fibres and plastics have revitalized interest in natural
fibres (Islam et al., 2022; Islam et al., 2025b; Nagaraja et al., 2024).
Compared to synthetic counterparts, natural fibres are renewable,
biodegradable, environmentally benign, and offer diverse performance
attributes. The shift towards natural fibres is further driven by advances
in fibre surface modification, composite processing technologies, and
hybrid material design, which have significantly improved the me-
chanical reliability and functional performance of bio-based materials
(Behera et al., 2025a; Kurien et al., 2023a). Their applications span
across traditional textile use to healthcare, tissue engineering, envi-
ronmental remediation, and bio-based composites (Fan et al., 2018;
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Koztowski and Mackiewicz-Talarczyk, 2020; Kumar and Saxena, 2025;
Mukherjee et al., 2023; Muntongkaw et al., 2021; Nagaraja et al., 2024;
Prasad et al., 2024; Shanmugam et al., 2021). Additionally, natural
fibre-reinforced composites are increasingly central to sustainable ma-
terials engineering due to their low embodied energy, renewability, and
end-of-life biodegradability.

Despite advancements in natural fibre production, many conven-
tional natural fibres face supply limitations and competition with food
systems, necessitating exploring alternative sources (Behera et al.,
2025a; Kurien et al., 2023a; Pickering et al., 2016). Within the broad
category of plant-based fibres, nonconventional and underutilized plant
species have attracted attention for their potential to diversify the fibres'
raw material base and support sustainable development (Karimah et al.,
2021; Pattnaik et al., 2024; Raja et al., 2025). Recent studies have
highlighted the strategic importance of fibres derived from rapidly
renewable, low-input biomass sources, particularly those from marginal
lands or aquatic ecosystems (Behera et al., 2025c). Among such
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resources is the cattail plant (Typha spp.) which has emerged as a
promising source of both structural and functional natural fibres.

Typha is a perennial semi-aquatic genus widely distributed across
temperate and tropical regions, thriving in wetlands, marshes, and along
riverbanks (Bansal et al., 2019; Kadlec and Wallace, 2008). Its rapid
growth, high biomass yield, and adaptability to degraded or nutrient-
rich waters make it an ecologically significant and invasive species
(Gotore et al., 2021; Sandoval-Herazo et al., 2021; Stewart et al., 2023;
Zorai et al., 2022). Historically used for mats, baskets, and thatching,
cattail fibres are increasingly attracting attention for engineered appli-
cations (Fig. S1) including composites, insulation, sorption media, oil
spill cleanups, acoustics, and water treatment (Parvin et al., 2025).

Cattail's versatility stems from its distinctive fibre properties, with
the coarse leaf fibres possessing excellent strength for structural appli-
cations while the fine fluffy seed fibres offer high surface area, oleo-
philicity, and hydrophobicity (Parvin et al., 2025; Prasad et al., 2024;
Schuck, 2023). Cattail leaf fibres are rich in cellulose and hemicellulose,
thus exhibit very good mechanical properties and compatibility with
polymer matrices, making them good candidates for reinforcement in
composite materials (Dieye, 2019; Kannan et al., 2025a; Mbeche et al.,
2020). Cattail seed fibres on the other hand are characterized by low
density, halved-bamboo like structures, and waxy hydrophobic surfaces,
hence can excel as thermal and acoustic insulators as well as oleophilic
sorbents for environmental remediation (Khan, 2021; Parvin et al.,
2025; Xu et al., 2020).

In the context of global sustainability, the exploitation of cattail fi-
bres offers several advantages. Its cultivation can be integrated into
wetland conservation or invasive species control programs, potentially
creating synergistic benefits for both biodiversity and water quality
improvement (Alufasi et al., 2022; Bansal et al., 2019; Grosshans et al.,
2011). Additionally, its rapid growth supports the potential for large-
scale production without displacing food crops (Zorai et al., 2022).
The cattail plant's ability to sequester carbon and uptake excess nutrients
from eutrophic waters further enhances its ecological profile (Tanner,
2001). Such multifunctionality aligns strongly with contemporary sus-
tainability frameworks that emphasize ecosystem services, resource ef-
ficiency, and material circularity as key criteria for next-generation fibre
resources (Behera et al., 2025a; Kannan et al., 2025a; Kurien et al.,
2026). Nevertheless, the pathway to cattail's commercialization is
hampered by limitations in harvesting logistics, fibre extraction tech-
nologies, lack of established supply chains and industry standards, and
market development (Nagaraja et al., 2024).

Compared to conventional bast fibres such as flax, jute, and hemp,
cattail fibres remain underexplored with regard to characterization,
process optimization, and life cycle assessment (Parvin et al., 2025).
Variability in fibre quality due to species differences, growth conditions,
and extraction methods complicates efforts to establish reliable perfor-
mance benchmarks (Admas and Assefa, 2025; Hossain et al., 2024; Rezig
et al., 2025; Shadhin et al., 2022). Similar challenges have been widely
reported for other emerging natural fibres, underscoring the need for
systematic studies that link processing parameters with structure-
property relationships and end-use performance (Kannan et al.,
2025b; Kurien et al., 2023b).

Despite increasing interest in cattail-derived fibres, existing studies
remain fragmented. Most investigations focus either on leaf/stem fibres
for construction and composites or on seed fibres for sorption with
limited integration of both fibre types within a unified sustainability
framework. Furthermore, reported fibre properties vary widely due to
differences in species, harvesting stage, and extraction routes, making
direct comparison difficult. Few studies link extraction methods, fibre
structure, mechanical performance, and end-use functionality. In addi-
tion, techno-economic and circularity considerations are often discussed
qualitatively rather than through structured comparison. These gaps
limit the translation of laboratory findings into scalable, sustainable
material systems. Hence, a critical synthesis of cattail fibre production,
properties, applications, and sustainability implications is required to
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clarify its true potential as a next-generation natural fibre resource.

Therefore, this review analyses cattail fibre extraction methods, their
physical, chemical, and mechanical properties, and explores their ap-
plications across textiles, composites, construction, and environmental
remediation. By identifying key challenges and opportunities, this re-
view aims to inform future research directions, technology develop-
ment, and policy frameworks that could support the sustainable
utilization of cattail fibres in a circular economy.

2. The cattail “Typha” plant

The genus Typha (T.) comprises about 30 species, with materials
studies mainly concentrating on T. latifolia (broadleaf cattail),
T. angustifolia (narrowleaf cattail), and T. domingensis (southern cattail)
(Table 1). The cattail plant (Fig. 1a), with most of its parts (Fig. 1b) being
useful, has highly been valued by human societies for a long time
because of its material, nutritional, and medicinal applications (Bansal
et al., 2019). The plant grows in temperate to tropical wetlands across
the globe, with T. latifolia dominating temperate Northern hemisphere
wetlands, T. angustifolia favouring deeper or brackish waters, and
T. domingensis prevalent in warm/subtropical zones (Fig. 1c) (Parvin
et al., 2025). As they can dominate any wetlands, these species perform
key ecological functions such as, habitat for wildlife, and soil and nu-
trients stabilization in marshes (da Cunha Cruz et al., 2020; Shih and
Finkelstein, 2008; Yu, 2021).

The effects of global warming and fertilizer run-off from agricultural
activities have led to rapid expansions of the cattail plant in many re-
gions. The plant's high net primary productivity, rapid rhizomatic
spread, and adaptability to marginal lands underpin its large biomass
yields (Adriano et al., 1980; Bansal et al., 2019; Li et al., 2010). Recently,
it has been shown that T. latifolia can achieve high leaf biomass with
strong carbon capture potential. Thus, controlled cultivation of the
plant, especially as a fibre crop, can contribute significantly to climate
change mitigation (Parvin et al., 2025; Robles et al., 2023). Despite its
presence in many places, cattail remains underutilized at the industrial
level, its use largely confined to traditional uses such as mat weaving,
artisanal crafts, or as animal fodder (Clements, 2022).

From a circularity perspective, controlled exploitation of the cattail
plant for raw material supply can complement invasive-control pro-
grams while significantly contributing to climate change mitigation
(Lishawa et al., 2020; Lishawa et al., 2015). However, supply planning
must consider seasonal access, water-level variability, and tighter con-
trol in protected wetlands (da Cunha Cruz et al., 2023; Koiv-Vainik et al.,
2025; Svedarsky et al., 2019). Evolving work on controlled harvesting
and onsite pre-processing can reduce logistics emissions and stabilize
material quality (Berry et al., 2017; Parvin et al., 2025).

3. Cattail fibres

The increasing interest in sustainable and renewable fibre sources
has brought more focus on cattail as a potential natural fibre resource.
Cattail plants produce a high biomass yield with fibrous leaf and stem
structures suitable for many applications (Parvin et al., 2025). The plant
provides two distinct types of fibres: structural fibres rich in cellulose
and hemicellulose from the stems and leaves (Fig. 2a), and highly hy-
drophobic seed hairs (Cao et al., 2016; Manimaran et al., 2022).

At the micro-structure level, cattail leaves and stems exhibit a com-
posite anatomy. They possess a waxy cuticle, an epidermis, vascular
bundles embedded in parenchyma, and abundant aerenchyma respon-
sible for their fibres' low density (Fig. 2b, c, d, i). Fibres are extracted
from these stems or leaves through various manual or chemical tech-
niques (Correa et al., 2015; Gaye et al., 2023). On the other hand, seed
fibres are obtained from the long cylindrical cattail fruit structure
(Fig. 2e) which turns into a dense mass of silky hairs attached to seeds
when it matures (Fig. 2f). It is reported that a single cattail head can
produce up to 300,000 cattail tufts each having a down-like architecture
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Table 1
Characteristics and yields of the major Typha species.
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Species Stand ecology Notable features

Dry biomass Fibre yield  Reference

yield (t/ha/yr) (%)

T. latifolia (Broadleaf Freshwater marshes, Large aerenchyma lacunae; thick

cattail) shallow wetlands epidermal cuticle; robust vascular
bundles
T. angustifolia Deeper/brackish Narrow leaves; more slender fibres;
(Narrowleaf cattail) ~ waters higher silica in epidermis
T. domingensis Warm/subtropical Intermediate leaf morphology;
(Southern cattail) wetlands moderate wax content

3.6-30 9-50 (Bansal et al., 2019; Grosshans, 2014; Parvin et al.,
2025; Rahman et al., 2021)
1-25 ~70 (Geurts and Fritz, 2018; Parvin et al., 2025; Razaq
et al., 2015; van den Berg et al., 2024)
5-25 ~8-42 (Carhuancho et al., 2022; Khider et al., 2012;
(leaf) Naveena Shri and Amsamani, 2024; Pandey et al.,
~81-85 2022; Parvin et al., 2025)
(seed)

Fruit/flower
structure

/ Leaf
/

Rhizomes/roots
Cattail plant

Fig. 1. (a) Wild growing cattail plants, (b) parts of a cattail plant (adapted from (Parvin et al., 2025), unrestricted use), and (c) distribution of Typha latifolia, Typha
domingensis, and Typha angustifolia across the globe (adapted from (Bansal et al., 2019), unrestricted use).

consisting of a root, stem, and seed attached to several fibres (Fig. 2g)
(Cao et al., 2016). These fibres which aid in the seed's dispersal are
highly hydrophobic, extremely fine, lightweight, and hollow-like
(Fig. 2h), which maximizes their specific surface area and pore vol-
ume (Cui et al., 2014; Xu et al., 2020; Zhang et al., 2018). The unique
and diverse fibre features of cattail translate into attractive functional
properties including low density, high porosity, high sorption capacity,
excellent insulation capacity, and biodegradability (Hasan et al., 2022).

3.1. Cattail cultivation for fibre production

The cultivation of the cattail plant as a fibre resource presents an
economic advantage due to its high biomass yield (Parvin et al., 2025).
Reports indicate that up to 30 t of dry cattail matter can be obtained
annually per hectare, depending on species, site conditions, and har-
vesting modes (Grosshans, 2014; Pratt and Andrews, 1978). Seasonal
variations strongly influence fibre quality, with cattails harvested in
summer yielding fibres with higher cellulose content compared to
winter harvests (Haldan et al., 2022). Of importance, though, is whether
the cattail plants grow on natural wetlands which provide abundant
biomass but lead to inconsistent fibre qualities, or are cultivated in
managed plantations allowing controlled harvesting, consistent quali-
ties, and optimized fibre yields (Johnston, 1988; Shadhin et al., 2022).
Controlled cultivation of cattail fits well in circular economy models, as
it enables planned use of marginal or wetlands to produce renewable
biomass especially for fibre production while minimizing waste and
environmental impact (Bansal et al., 2019; Brinksma et al., 2022).

Conventional harvesting methods for the cattail plant involves
manual cutting and bundling or use of mechanized mowers adapted

from reed and bamboo harvesting systems (Lishawa et al.,, 2017).
Manual harvesting is labour intensive and is common for small-scale
operations or in places where mechanized equipment cannot access.
Mechanized harvesters are used for larger scale operations and are
designed operate in wetlands and swampy areas to cut and collect the
cattails (Grosshans and Grieger, 2015). After harvesting, the usual post-
harvest practices follow which include drying, shredding, and baling.
These activities require careful control as they influence fibre extract-
ability and quality (Jara-Vinueza et al., 2024).

As much as cultivation of the cattail plant shows agronomic promise,
uncertainties still remain with regard to upscaling production and the
existence of potential risks such as ecological trade-offs, invasive spread,
and competition with conservation priorities (de Jong et al., 2021;
Haldan et al., 2022). Thus, before larger scale adoption and cultivation
of cattails, there should be establishment of clear governance frame-
works. These should include proper land-use and environmental regu-
lation, recognition of cultivation systems within agricultural policy,
mechanisms for stakeholder participation, cross-sectoral coordination,
and adaptive management to manage ecological risks such as invasive
spread and conservation trade-offs (Dia et al., 2020; Williams et al.,
2021).

4. Cattail fibre extraction and processing

Cattail fibre processing typically begins after harvesting and involves
systematic steps (Fig. 3) which must be carefully managed to maintain
fibre quality and ensure efficient extraction (Hasan et al., 2022).
Extraction of leaf/stem fibres from the cattail plant is broadly similar to
the conventional bast fibre extraction methods where fibres are
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Fiber cables

Grid structure

Diaphragm
Epidermis

Spongy tissue

3D cross-sectional view of the leaf blade

Microstructure of of the core

Cattail (Typha) Leaf

Fig. 2. Photo images of (a) cattail leaves, and (b) leaf cross-section (adapted from (Bansal et al., 2019), unrestricted use). SEM images of cattail leaf (c) cross-section,
and (d) longitudinal section (¢ & d: adapted from (Liu et al., 2017), unrestricted use). Photo images of cattail (e) fruit structure, (f) seed fibre tufts, and (g) tuft fibre
structure. (h) SEM image of cattail seed fibre (reproduced from (Wang et al., 2022), unrestricted use). (i) Structural model of the cattail leaf (reproduced from (Parvin
et al., 2025), unrestricted use).
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Fig. 3. Cattail fibre extraction routes (Sadrmanesh and Chen, 2019).

liberated by separating the cellulose bundles from surrounding tissues
(Sadrmanesh and Chen, 2019). However, cattail's anatomical differ-
ences such as high aerenchyma and lower bast bundle density influence
the technique choice and yield (Parvin et al., 2025). Common methods
include water retting, chemical retting (alkaline, oxidative, or com-
bined), enzymatic retting, mechanical decortication, and hybrid pro-
cesses (Khan, 2021). For seed fibres, mechanical separation of fibres
from the dense fibrous fruit structure is sufficient, often followed by
cleaning and surface treatments (Oliveira et al., 2024).

4.1. Water retting

Water retting (biological degumming) is a traditional technique
which relies on microbial decay of pectin to release the fibre bundles. It
is done by submerging the cattail stem/leaves in ponds or tanks to soften
the middle lamella via microbial pectinase activity, hence freeing the
fibre bundles from parenchymal tissue (Lee et al., 2020). Cattail's
aquatic habitat makes water retting feasible but may yield inconsistent
fibre qualities if the retting conditions are not controlled. While effec-
tive, it consumes significant amounts of water and generates high-BOD
effluent (Parvin et al., 2025). Dew retting, a field variation of water
retting, involves leaving plants in the field after harvesting so that they
can absorb dew, allowing for microbial growth. This is a relatively
inexpensive technique which requires lower water input but is depen-
dent on climatic conditions and may lead to variable fibre qualities
(Sadrmanesh and Chen, 2019).

4.2. Chemical retting

Modern fibre extraction processes often use chemical retting which
preferentially removes pectin, hemicellulose and waxy impurities (Cui
et al., 2021; Kishor et al., 2024; Mbeche and Omara, 2020; Wu et al.,
2024). Common chemicals include alkalis, mild acids, and certain salts,
which not only extract fibres but also modify their surfaces. Alkali
treatment is the most widely reported technique for cattail fibres, pri-
marily due to its effectiveness in removing non-cellulosic components.
Multiple studies report the use of NaOH concentrations between 2 and
10 wt%, at varying bath temperatures for treatment durations ranging
from 1 to 12 h, resulting in cleaner fibre surfaces and improved fibre-
matrix compatibility in composite applications (Hasan et al., 2022;
Ikramullah et al., 2018; Shadhin et al., 2021). Alkali treatment disrupts
intermolecular hydrogen bonding within the fibre bundles, improving

fibrillation and cellulose exposure to produce finer fibres with enhanced
surface roughness (Shadhin et al., 2021). Before treatment, harvested
cattail leaves are usually dried and cut to short lengths to hasten the
process (Fig. 4a-g).

Key factors that influence the fibre extraction efficiency and the
major fibre properties include concentration of chemical, exposure time,
and temperature (Fig. 5a-g), all of which must be adequately controlled
to attain optimum fibre quality while avoiding incomplete processing or
fibre degradation (Hasan et al., 2022). Alkali retting of cattail fibres with
base concentration up to 5 wt% and temperature up to 80 °C for several
hours has been shown to effectively remove pectin, hemicellulose, and
portions of lignin to enhance fibre purity, cellulose content and crys-
tallinity (Ikramullah et al., 2018).

Oxidative treatment, e.g., using hydrogen peroxide and/or acetic
acid, can lead to further purification of the fibres, but risks fibre
embrittlement if overtreated. Hybrid alkaline-oxidative sequences often
provide a better trade-off between yield, purity and mechanical prop-
erties of the resultant fibres (Chattopadhyay et al., 2022; Islam et al.,
2025a; Wu et al., 2024).

Fourier Transform Infrared (FTIR) spectroscopy studies (Fig. S2)
confirm the chemical modifications induced by alkali treatment of cat-
tail fibres (Ke et al., 2023). Untreated fibres exhibit a broad O—H
stretching band at 3300-3400 cm ™!, C—H stretching near 2920 cm ™},
and a distinct peak at 1730-1745 cm ™! attributed to hemicellulose ester
and acetyl groups, along with lignin-related bands at 1240-1260 cm ™!
(Hasan et al., 2022; Ikramullah et al., 2018; Manimaran et al., 2022).
After alkali treatment, marked reduction of the ~1730 cm™! peak and
attenuation of lignin bands indicate effective removal of hemicellulose
and partial delignification, while enhanced cellulose-related peaks at
1030-1050 cm ™ reflect increased cellulose exposure (Cui et al., 2021;
Ikramullah et al., 2018; Parvin et al., 2025).

4.3. Enzymatic retting

Enzymatic retting is an effective fibre extraction method which
selectively hydrolyses the bast matrix to release fibre bundles in plant
stems or leaves (Sadrmanesh and Chen, 2019). Enzymatic retting
methods using pectinase, xylanase, and cellulase cocktails have been
explored for selective removal of pectin and hemicellulose in various
lignocellulosic fibres, and have potential for improving cattail fibre
extraction with minimal cellulose degradation (Lee et al., 2020). Studies
on flax and hemp fibres have demonstrated that tailored enzyme
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Fig. 4. Extraction of fibres from cattail leaves; (a) cattail plants, (b) collected and dried cattail leaves, (c) chopped leaves ready for retting, (d) chopped cattail leaves
immersed in alkali, (e) retted and neutralized fibres, (f) dried retted fibres, and (g) individualized cattail leaf fibres. (reproduced from (Shadhin et al., 2024) as per the

CC BY-NC-ND license).

cocktails can significantly reduce retting time from several days to
several hours, while improving fibre quality through selective degra-
dation of non-cellulosic components (Angulu and Gusovius, 2024).
Enzymatic retting is typically conducted at moderate temperatures
ranging between 30 and 50 °C, and at near neutral pH conditions (Wang
and Salmon, 2025). To enhance enzyme efficiency, chelating agents
such as ethylenediaminetetraacetic acid (EDTA) are often added (De
Prez et al., 2018). After enzymatic retting, fibres should be subjected to
thorough rinsing or enzyme inactivation to prevent over-degradation
and maintain fibre integrity (Angulu and Gusovius, 2024). In some
cases, additional treatments such as mild mechanical processing or use
of chemical agents may further clean and prepare the fibres for subse-
quent applications (Akin et al., 2001; Foulk et al., 2011). In general,
enzymatic retting produces cleaner fibres of consistent quality and
minimal structural damage. It also generates milder effluents compared
to conventional chemical methods. However, the process is expensive
and requires precise control to achieve optimal results (Wang and
Salmon, 2025).

4.4. Mechanical extraction

Mechanical extraction of fibres typically involves the use of de-
corticators, hammer mills, ball mills, blade crushers, and roller crushers
(Fig. 6a-d) to release fibre bundles from dried leaves/stems of the cattail
plant. It is particularly effective when combined with pre-softening steps
such as spraying with steam or an alkali (Eleutério et al., 2025).
Decortication breaks the outer leaf-sheath, allowing fibres to be pulled
out. This mechanical extraction process is attractive for its low chemical
footprint, but it often results in broken fibres with reduced tensile per-
formance due to the high shear and compressive forces involved
(Hobson et al., 2001). Usually after retting, the partially freed fibre
bundles can further be refined through a mechanical carding process
which aligns and separates the fibres to produce a wool-like web that
can further be processed through light-medium pressing to produce a
nonwoven fabric (Shadhin et al., 2021; Zimniewska, 2022).

Compared to bast fibres such as flax or hemp, cattail fibres are finer
and more brittle, making them more susceptible to damage during
aggressive mechanical extraction. This necessitates optimization of rotor
speeds, feed rates, and pressure in decorticators or mills to balance fibre
yield and quality (Diouf and Gning, 2024).

4.5. Hybrid processes

Hybrid extraction methods, which combine mechanical, chemical,
enzymatic, or physical treatments in sequence or simultaneously, have
gained attention for their ability to yield cleaner fibres with improved
fineness, strength, and surface characteristics (Eleutério et al., 2025).
These methods often begin with a mild mechanical disruption to break
the outer layers and partially free fibre bundles. This is typically fol-
lowed by chemical or enzymatic treatments to further remove lignin,

hemicellulose, and pectin (Elanthikkal et al., 2010; Shadhin et al.,
2021). Alternatively, mechano-enzymatic approaches, where fibres are
subjected to simultaneous mechanical mixing and enzymatic hydrolysis,
have shown promising results in increasing fibre accessibility and
porosity while minimizing structural damage (Rahikainen et al., 2020).

Physical activation techniques such as ultrasound or microwave-
assisted alkali pretreatments have also demonstrated effectiveness in
loosening fibre structures and enhancing chemical penetration (Xia
et al., 2024). For instance, ultrasound-assisted alkaline extraction ach-
ieved significantly higher delignification under milder conditions than
alkali treatment alone (Wu et al., 2017), while microwave-assisted
processes improved fibre swelling and reduced processing time (Liu
et al., 2021). Such treatments are particularly beneficial in preserving
fibre length and minimizing microstructural damage, which are essen-
tial for applications in composites and textiles (Rahikainen et al., 2020).

The efficiency of hybrid methods is highly dependent on process
parameters such as chemical concentration, treatment time, and tem-
perature. Overly harsh conditions may lead to fibre embrittlement or
shortening, impacting on their suitability for structural applications.
Therefore, optimization is important to balance fibre quality, environ-
mental impact, and processing costs (Eleutério et al., 2025).

4.6. Extraction of cattail seed fibres

Cattail seed fibres differ fundamentally from the structural fibres
obtained from the leaves and stems, thus, their extraction is much
different. Extraction of seed fibres is mainly a mechanical process
involving breaking open the fruit structure, and then separating the fi-
bres from the seeds. The process begins with the collection of the mature
fruit heads which are then air-dried in a ventilated environment to
prevent microbial growth and promote fibre loosening (Pandey et al.,
2022). After drying, fibre separation can be done manually by hand-
rubbing or gentle beating to detach the fluffy seed hairs. The fibres
come off still attached to their seeds, necessitating a seed removal step,
which can be challenging due to the extremely low mass and aero-
dynamic properties of the seeds (Wall and Macdonald, 2009).

Seed separation and trash removal can be performed using fibre
stripping machines equipped with rotating suction cylinders. These
systems strip the fibres from the seeds, allowing seeds and debris to fall
away while collecting the detached fibres as a lightweight web. How-
ever, complete seed removal is difficult, and trace amounts often remain
embedded within the fibre mass. These fibres are largely used without
further treatment to preserve their natural hydrophobicity which is
especially important for oil sorption (Cao et al., 2016; Gorbachev et al.,
2025). For purposes of cellulose extraction, cleaned cattail fibres can
undergo chemical treatment, usually using an alkali followed by an
oxidative treatment to remove non-cellulosic components. Table 2 gives
a summary of the extraction techniques for cattail fibres.
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5. Cattail fibre properties
5.1. Chemical composition

Cattail fibres are lignocellulosic in nature (Fig. 7), comprising cel-
lulose, lignin, hemicellulose, pectin, and minor components such as
waxes and ash (Hafez et al., 2025). Like many natural plant fibres such
as flax and jute, the biochemical composition of cattail fibres can vary
considerably depending on species, environmental conditions, plant

maturity, and processing method (Hossain et al., 2024; Pandey et al.,
2022; Parvin et al., 2025).

In their untreated form, stem and leaf fibres can contain approxi-
mately 38-48 wt% cellulose, 12-22 wt% lignin, and up to 23 wt%,
hemicellulose. The presence of pectin and surface-bound waxes con-
tributes to inter-fibre adhesion in the raw plant structure and imparts
hydrophobicity, particularly in aerial parts of the plant (Admas and
Assefa, 2025; Hafez et al., 2025). Retting and chemical treatments
selectively degrade and remove the non-cellulosic components to
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Fig. 6. Schematic representations of (a) hammer crusher, (b) roll crusher, (c) blade crusher, and (d) ball mill used in mechanical bast fibres extraction. Adapted from
(Lyu et al., 2021) with permission from Elsevier © 2021).

Table 2
Summary of extraction methods for cattail fibres.
Method Extraction parameters Fibreyield  Cellulose Tensile References
(%) content (%) strength (MPa)
Water retting 7-15 days ~9 63-73 ~245-370 (Admas and Assefa, 2025; Diouf and Gning, 2024; Pandey et al.,
~20°C 2022)
Mechanical ~12-22 ~50-60 ~100-500 (Admas and Assefa, 2025; Diouf and Gning, 2024)
decortication
Chemical retting NaOH, KOH, LiOH (2-10%) ~18-50 ~56-72% ~9-1100 (Hasan, 2019; Ikramullah et al., 2018; Kamali Moghaddam,
2-12 h @ 50-120 °C 2022; Parvin et al., 2025; Rahman et al., 2021; Shadhin et al.,
2022; Shadhin et al., 2021)
Hybrid (alkali + 7% NaOH @ 80 °C for 3 h (repeat 2-3 ~78% - (El Amri et al., 2023)
oxidative) times) + Immersion in H,O5 for 3h @
45 °C.
Hybrid 1-4% NaOH/KOH; ~26-35 - 259-529 (Jahan, 2023)
(microwave + > 10 min
alkali)
Lignin

Hemicellulose

Wax and oil

. treatment
Structure of lignocellulose —_— Disrupt structure of lignocellulose

Fig. 7. Lignocellulosic biomass structural composition (adapted from (Parvin et al., 2025), unrestricted use).

increase the relative cellulose content and crystallinity index of cattail fibres. This modification enhances surface morphology, mechanical
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strength, and thermal stability, which are critical for improving fibre-
matrix adhesion and performance in composite materials
(Luamkanchanaphan et al., 2012; Shadhin et al., 2021). Retted cattail
stem and leaf fibres have shown cellulose contents increasing to over 65
wt%, with corresponding reductions in lignin and hemicellulose
(Manimaran et al., 2022; Parvin et al., 2025).

Cattail seed fibres are unicellular and highly porous, with a thin cell
wall structure and significant internal lumen volume. Their surface is
coated with epicuticular waxes and lipids, typically exceeding 10 wt%,
giving rise to their well-documented hydrophobicity and low wettability
(Dong et al., 2015). The fibres also contain cellulose at about 42 wt%
content before treatment and up to ~90 wt%, after a number of chem-
ical treatments (Cui et al., 2021). The lignin content in seed fibres is
reportedly relatively low (~9 wt%) compared to structural fibres, likely
contributing to their softer texture and lighter colouration (Pandey
et al., 2022).

5.2. Morphological and physical properties of cattail fibres

Microscopy studies have revealed cattail stem and leaf fibres to be
multicellular bundles (Fig. 8a) with a central lumen, walls of varying
thickness, and relatively low microfibrillar angles compared to tradi-
tional bast fibres (Witztum and Wayne, 2014). Cattail fibres and stalks
have high porosity with large cavities which reduce their bulk density.
This has made them excellent for applications such as insulations boards
which are reported to have low thermal conductivities (Jara-Vinueza
et al., 2024; Luamkanchanaphan et al., 2012; Wu et al., 2021). Scanning
electron microscopy studies (Shadhin et al., 2022; Shadhin et al., 2021)
have shown that cattail fibres extracted via alkali retting lose surface
impurities, exhibit pit formation and surface roughening, which are
likely to expose internal surfaces and increase surface area for better
bonding in polymer composites. Fibre diameters reported are in the
range ~ 13-143 pm, while fibre lengths depend on the cut leaf/stem
length and extraction technique (Shadhin et al., 2024; Shadhin et al.,
2021).

Moisture regain values of cattail leaf fibres under ambient conditions
are comparable to those of other cellulosic fibres (Hasan et al., 2022;
Rahman et al., 2021). Extraction conditions have a significant effect on
moisture regain. For instance, in fibres extracted under alkali treatment,
moisture regain has been demonstrated to decrease with increase in
treatment time, temperature, and alkali concentration (Hasan et al.,
2022).

Cattail seed fibres are very fine (Fig. 8b) with diameters of about
10-37.5 pm, lengths of ~8-15 mm, and a hollow-like structure with a
hydrophobic wax coating over their lignocellulosic skeleton. Microscopy
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studies show single fibres to have a unique cross-section with a sunken
centre and “winged” sides (Fig. 8c, d) (Cui et al., 2014; Dong et al., 2015;
Wu et al., 2021; Xu et al., 2020). Untreated seed fibres usually exhibit a
generally smooth surface, which become foldy and expose the xylem
vessels upon dewaxing treatments (Fig. 8e). Alkali treatments make the
fibre surfaces rough (Fig. 8f) due to the removal of most non-cellulosic
components. Further treatment processes such as bleaching results in
significant distortion of the fibre surfaces (Fig. 8 g) indicating fibrils
separation due to removal of residual binding lignin (Cui et al., 2021).
The fibres' extremely low density, fine diameter, and unique cross-
section make them valuable for low-weight fillings, insulation, and
sorption media. However, their tensile strength and spinnability remain
limited due to short fibre length and fragile morphology. The presence of
epicuticular waxes makes cattail seed fibres highly water-repellent with
water contact angles exceeding 130° (Cao et al., 2016; Srisuk et al.,
2024). This hydrophobicity can reduce the absorption of water-borne
dyes in case of textile applications or lessen adhesion to polymer
matrices when used in composites unless the surface is modified.

One major advantage of cattail fibres is their low thermal conduc-
tivity. Boards or woven mats made from stem or leaf-derived fibres have
been shown to have conductivity values in the range of ~0.04-0.07 W/
m-K, comparable to those of mineral wool and hemp-based insulating
materials (Jara-Vinueza et al., 2024; Luamkanchanaphan et al., 2012).
Cattail seed fibres could potentially yield lower conductivities due to
their fluffy nature, and high porosity.

Regarding thermal stability of cattail fibres, studies have revealed
untreated fibres to exhibit a major degradation between approximately
220 and 300 °C attributed to hemicellulose decomposition
(Luamkanchanaphan et al., 2012; Mbeche and Omara, 2020). The
principal cellulose degradation occurs between 300 and 370 °C, while
lignin degradation extends over a broader temperature range above
400 °C. Alkali-treated cattail fibres show a modest increase in the onset
degradation temperature and a shift of the main decomposition to
higher temperatures, reflecting improved thermal stability (Mbeche and
Omara, 2020). This enhancement is attributed to the removal of ther-
mally unstable hemicellulose and an increase in relative cellulose con-
tent. These findings indicate that alkali-treated cattail fibres are
thermally stable enough for processing with biodegradable polymers
and conventional thermoplastics below 220 °C (Neto et al., 2021).

5.3. Mechanical properties

The mechanical properties of cattail stem and leaf fibres vary widely
and are highly sensitive to fibre origin, microstructural characteristics,
moisture content, extraction method, and testing conditions (Admas and

Fig. 8. (a) schematic cross-section of the cattail leaf fibre showing various lumen shapes and wall thicknesses (Witztum and Wayne, 2014). (b) Optical image of
cattail seed fibre surfaces, and SEM micrographs of their (c) cross-section, (adapted from (Srisuk et al., 2024), unrestricted use) (d) longitudinal section, (e) dewaxed
surface, (f) alkali treated surface, and (g) bleached surface (d, e, f, & g: adapted from (Cui et al., 2021) with permission from Elsevier © 2021).
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Assefa, 2025; Hossain et al., 2024; Shadhin et al., 2021). Studies have
shown that pristine cattail fibres can have tensile strengths ranging
between 9 and 365 MPa with Young's modulus values of about 3 to 40
GPa (Parvin et al., 2025; Shadhin et al., 2021). These relatively modest
but broadly ranging values are primarily attributed to differences in
fibre maturity, fibre diameter, lumen size, and interfacial bonding be-
tween the cellulose microfibrils (Witztum and Wayne, 2014). Cattail's
mechanical properties have been reported to improve under favourable
extraction treatments (Hasan et al., 2022), reduced fibre size, and
moderate relative humidity, where limited moisture plasticization en-
hances stress transfer without excessive swelling (Pavlovic et al., 2025).
Under such optimized conditions, cattail fibres' tensile strength can
exceed 1100 MPa with tensile modulus values in the range of 48-75 GPa
(Hossain et al., 2024; Rahman et al., 2021; Shadhin et al., 2022).

Alkali-treated fibres with reduced diameter and increased cellulose
crystallinity consistently exhibit higher strength and modulus due to the
partial removal of amorphous hemicellulose and lignin, resulting in
better microfibril alignment and load sharing (Parvin et al., 2025).
However, excessive treatment, as has been reported for other lignocel-
lulosic fibres, can lead to fibrillation damage, cellulose degradation, and
embrittlement, highlighting the importance of process optimization
(Kurien et al., 2023b; Pattnaik et al., 2025). Compared to flax and jute,
optimized cattail fibres exhibit comparable specific strength but greater
scatter, largely due to cattail's unique morphology, fibre diameter
variability, and sensitivity to extraction conditions (Parvin et al., 2025;
Shadhin, 2021). This scatter is further exacerbated by differences in
gauge length, fibre selection, humidity conditioning, and whether
measurements are conducted on single fibres or fibre bundles.

For cattail-based hybrid composite materials, improvements ach-
ieved at the fibre level translate into enhanced composite performance,
particularly in flexural strength, impact resistance, and damage toler-
ance. When used as partial or full reinforcement, cattail fibres generally
outperform cereal straw-based composites and show comparable or
superior toughness to sisal-reinforced systems, especially under impact
and bending loads (Bajwa et al., 2015; Mbeche and Omara, 2020).
Composite panels incorporating alkali-treated cattail fibres have
demonstrated tensile strength increases of approximately 20-30%
relative to untreated counterparts, indicating improved fibre-matrix
adhesion and more efficient stress transfer (Hasan et al., 2022; Shad-
hin et al., 2021). Compared with composites reinforced with flax or
hemp, cattail-based composites typically exhibit lower absolute tensile
and flexural stiffness, but comparable specific properties due to the
inherently lower density and unique morphology of cattail fibres
(Shadhin et al., 2021). Similar trends have been reported for other low-
density plant fibre composites, where reduced stiffness is offset by
improved energy absorption and impact performance (Faruk et al.,
2012). As a result, cattail-based composites are particularly attractive
for lightweight and functional applications where stiffness requirements
are moderate and weight efficiency or damping capacity is prioritized
over maximum load-bearing performance. Nonetheless, the greater
scatter in the mechanical properties of cattail-based composites em-
phasizes the need for optimized fibre surface treatments and hybridi-
zation strategies to achieve performance consistency comparable to
established bast-fibre composite systems (Pickering et al., 2016; Shad-
hin, 2021). Environmental exposure studies on similar lignocellulosic
fibre composites indicate that moisture uptake, fibre swelling, and
progressive interfacial degradation are significant contributors to me-
chanical property decline and long-term reliability concerns for outdoor
applications (Pattnaik et al., 2025).

As for cattail seed fibres, reliable data on mechanical properties re-
mains scarce, likely because standardized single-fibre testing is chal-
lenging due to their short lengths, low density, and bundled
morphology. A study on the mechanical properties of the cattail trunk/
stem fibre bundle attached to the seed (Fig. S3) reported a tensile
strength of approximately 107 MPa, a Young's modulus of about 6.2
GPa, and an elongation at break of around 3.9% (Wu et al., 2021). While
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these values are lower than those of optimized leaf fibres, they are
comparable and may exceed those of other seed-derived fibres such as
cotton linters.

At the bulk scale, cattail seed fibres exhibit excellent compressive
resilience and recovery under low-to-moderate loads, attributable to
their highly porous, fluffy architecture (Cao et al., 2016). This behaviour
can particularly be advantageous for insulation, cushioning, and
padding applications, where energy absorption, resilience, and low
density are more critical than tensile strength.

5.4. Water absorption

Cattail leaf and stem fibres exhibit high moisture affinity due to their
lignocellulosic composition and porous internal structure. Some studies
have reported that untreated cattail fibres absorb water rapidly during
the initial immersion period, followed by a saturation stage, a behaviour
primarily driven by the presence of hemicellulose and accessible hy-
droxyl groups (Hasan et al., 2022; Rahman et al., 2021). Alkali treat-
ment significantly reduces water absorption by removing hemicellulose
and surface impurities, resulting in fewer hydrophilic sites and a more
compact fibre structure. Reductions in water uptake ranging from 10 to
35% have been reported depending on alkali concentration and treat-
ment duration (Hasan et al., 2022; Shadhin et al., 2022). When incor-
porated into composites, alkali-treated cattail fibres contribute to
reduced thickness swelling and improved dimensional stability (Rizal
et al., 2019).

The water absorption behaviour of cattail fibres and their lignocel-
lulosic nature make them fully biodegradable, where microbial degra-
dation preferentially targets amorphous regions. Alkali-treated fibres
may exhibit slightly reduced biodegradation rates due to lower amor-
phous content, but remain environmentally degradable and compatible
with composting systems (Cui et al., 2021; Kamali Moghaddam, 2022).

5.5. Factors affecting properties of cattail fibres

The properties of cattail fibres are highly variable and influenced by
a range of biological, environmental, and processing factors. A key
factor is the stage of growth at harvest. As the plant matures, the
chemical composition and microstructure of the fibres change. Studies
have shown that fibres harvested at different phenological stages exhibit
significant variation in tensile strength and modulus, with tensile stress
ranging from approximately 400 MPa up to 1500 MPa depending on the
growth stage (Hossain et al., 2024). These changes are closely tied to the
changes in the fibre's internal composition, with higher cellulose content
generally contributing to higher tensile strength and stiffness. Hemi-
cellulose and pectin have a positive correlation with failure strain and
specific strength, while lignin impacts negatively on tensile strength and
stiffness (Komuraiah et al., 2014). The high surface wax content on
cattail seed fibres makes them naturally hydrophobic and oleophilic
(Cui et al., 2014; Gorbachev et al., 2025). Internally, the microfibril
angle and cell wall thickness affect mechanical behaviour, with smaller
angles correlating with better strength and stiffness (Hossain et al.,
2024; Komuraiah et al., 2014). As well, the variation in porosity with
maturity of cattail fibres contributes to low density and high insulation
capacity while introducing variability in strength due to potential
structural defects. Moreover, fibres from different parts of the plant i.e.,
leaves versus stem or outer leaves versus inner leaves, can vary in
diameter, strength, and chemical content (Hossain et al., 2024; Pandey
et al., 2022; Witztum and Wayne, 2016). This variation can further be
compounded by natural defects in the fibres, such as irregular cross-
sections, which create stress concentrations and reduce mechanical
reliability.

The processing techniques, particularly fibre extraction and chemi-
cal treatments, considerably impact fibre quality. Processing parame-
ters, such as time, temperature, and chemical concentration, influence
the fibre attributes and require a delicate balance to attain the desired
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properties and maximum fibre yield (Parvin et al., 2025). For instance,
while alkali and oxidative treatments remove non-cellulosic materials
leading to an enhancement in fibre stiffness and reduced moisture up-
take, poorly controlled or excessive treatments may lead to degraded
fibres and diminished fibre yield (Hasan et al., 2022; Rahman et al.,
2021).

6. Applications of cattail fibres
6.1. Textiles

Historically, the leaves of cattails have been used to weave mats,
baskets, and for thatch (Mitich, 2000). Modern use of cattail has
extended this to textile substrates where the cellulosic fibre bundles are
extracted via mechanical or chemical means and then blended with
other natural or synthetic fibres for fabric use (Chakma et al., 2017;
Khan, 2021). The processing of cattail leaf-based fibres towards textile
applications has revealed them to have moisture regain, mean diameter,
and thermal resistance comparable to wool and cotton, a dye exhaustion
similar to that of cotton, and colour fastness meeting industry standards.
Their fibre stiffness, is however quite high making them difficult to
process in conventional spinning equipment (Liu et al., 2011; Rahman
et al., 2021). In woven and knit constructions, blends containing cattail
leaf fibres may exhibit reduced yarn evenness and lower tenacity,
compared to when using pure cotton for instance, because of fibre
coarseness and variability. While leaf fibre coarseness limits use in fine
apparel, blends for rustic textiles, accessories, and home upholstery are
feasible at low cattail fractions (<30 wt%) or in nonwoven structures
where bulk and warmth outweigh fibre fineness requirements (Kumar
and Saxena, 2025). Non-woven fabric formation is the most versatile
route for transforming cattail fibres to usable textiles through common
techniques such as stitch-bonding, air-laying, etc. (Moghaddam et al.,
2016; Parvin et al., 2025; Srisuk et al., 2024). In particular, the seed
fibres provide exceptional bulk and resilience in nonwovens processed
through hot-press or bicomponent-binder approaches to yield dispos-
able, hydrophobic flexible laminates and padding materials (Srisuk
et al., 2024). Owing to their waxy cuticle and structure, finished webs
made of cattail seed fibres show fast oil uptake but slow wettability
which is advantageous for disposable absorbent technical textile layers
where water repellence is desired (Dong et al., 2015; Khan, 2021). In
common home use, the cattail seed fibres can potentially substitute
conventional down fibres in pillows and jackets where biodegradability
and cost are key drivers. The usefulness of the fluffy seed fibres from
cattail has been demonstrated in prototypes such as Finland's “Fluff
Stuff” shown to compete with down in filling, due to its bulk, resilience,
and hydrophobic surface (Minna et al., 2022).

6.2. Polymer composites

Cattail leaf/stem fibres function as lightweight reinforcement in
unsaturated polyester, epoxy, and PLA matrices (Mbeche et al., 2022;
Parvin et al., 2025; Saravanan et al., 2020). Alkali and silane surface
treatments are commonly used to remove pectin and hemicellulose and
to expose cellulose, improving fibre wettability and interfacial bonding
with polymer matrices (Alao et al., 2021; Rizal et al., 2018). These
treatments often improve the composite's tensile strength and modulus,
with the improvement dependent on matrix-fibre ratio, treatment con-
ditions, fibre type and matrix chemistry (Rizal et al., 2019; Shadhin
et al., 2021). In thermoplastic matrices, malleated polyolefins and other
coupling agents are established routes to enhance the interfacial shear
strength by reacting with fibre surface hydroxyls and compatibilizing
with the polymer phase (Djafari Petroudy et al., 2023; Keener et al.,
2004). However, it should be noted that careful moisture control and
selection of processing temperatures are critical because the natural
fibre components can undergo thermal decomposition and property loss
if exposed to excessive temperatures or retained moisture during
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processing (Neto et al., 2021; Pavlovic et al., 2025). Hybridization with
higher-performance natural fibres such as flax, or the addition of
microfibrillated cellulose are key to tailoring stiffness-toughness trade-
offs while still maintaining low composite density (Ismail et al., 2022).

6.3. Building and insulation products

Many studies demonstrate that cattail leaf fibres are increasingly
being incorporated into construction materials (Brinksma et al., 2022;
Jara-Vinueza et al., 2024). Boards produced from cattail leaf mass
together with mineral binders exhibit low thermal conductivities and
structural stability, making them promising as load-bearing insulation
panels (Krus et al., 2015; Luamkanchanaphan et al., 2012; Parvin et al.,
2025). Panels containing cattail fibres have been shown to offer struc-
tural properties that approach those of conventional wood-based boards,
with the added benefit of low density (Krus et al., 2014). Recent studies
show that composites of cattail with clay or gypsum enhance thermal,
mechanical, and acoustic performance in wall systems with performance
comparable or exceeding those of commercial options (Coulibaly et al.,
2025; Dieye, 2019; Muntongkaw et al., 2021). A range of binder systems
including mineral binders and resins have been explored, with initial
findings suggesting good resistance to fire and moisture, though quan-
titative durability data under moisture cycling remain limited (Krus
et al., 2015; Parvin et al., 2025). Because cattail-based boards leverage
low density and renewable biomass, they hold promise for sustainable
lightweight core, cavity-insulation and interior acoustic panels
(Moghaddam et al., 2016). An aspect of these materials still requiring
attention is their durability which remains largely underexplored. It has
been highlighted that cattail-based construction materials may undergo
performance degradation under cyclic climatic or moisture exposure.
For instance, a cattail-based geotextile exhibited statistically significant
tensile strength loss after outdoor exposure, with the strength-loss
moderated by waterproof coatings (Holanda et al., 2024a). Although
dedicated long-term moisture cycling and ageing studies of cattail-based
structural boards are scarce, some evidence suggests vulnerability to
hygrothermal effects which are sensitive to fibre morphology and pro-
portion (Niang et al., 2018).

6.4. Filtration and environmental remediation

Beyond construction applications, cattail, especially its seed-derived
fibres, have been demonstrated as strong biosorbents for oil spills and
aqueous pollutants (Dong et al., 2015; Gorbachev et al., 2025; Nguyen
et al., 2022). Cattail-based sorbents leverage high porosity, hierarchical
pores, and tailored surface chemistry, positioning them as low-cost,
biodegradable options. Raw or minimally cleaned seed fibres show
rapid and selective uptake of hydrocarbons with reported oil sorption
capacities ranging from 11 to 31 g/g, depending on sorbent packing
density, structure, oil type, and temperature (Cao et al., 2016; Cui et al.,
2014; Dong et al., 2015; Xu et al., 2020). The sorbents often retain over
90% of absorbed oil over 24 h with the mechanism of sorption under-
stood to involve the highly hydrophobic wax-coated fibre surface, low
density, hollow lumens and capillary action (Cui et al., 2014). Cellulose
extracted from cattail seed fibres has been used to fabricate composite
aerogels that can adsorb antibiotics at a capacity exceeding 172 mg/g
alongside other micropollutants, while retaining mechanical integrity
after repeated use (Cui et al., 2021). Carboxylated cattail fibres have
been shown to possess excellent sorption capacity for fluoroquinolone
residues in water, with high reproducibility and reusability and
extraction efficiencies that could exceed 80% (Zhang et al., 2022). As
well, cattail leaf fibres have demonstrated excellent potential as sorbents
for heavy metals such as Cd and Pb from water with up to 95% removal
efficiency (Phaenark et al., 2023).

Cattail fibres have also been widely investigated for soil and sedi-
ment remediation through biodegradable geotextiles and bioengi-
neering systems, where they contribute to erosion control, slope
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stabilization, and enhanced vegetation establishment (Holanda et al.,
2008; Holanda et al., 2024a; Ijaz et al., 2016). Their high cellulose
content, intrinsic permeability, and favourable tensile behaviour enable
effective short-to-medium-term mechanical reinforcement, while
avoiding the long-term environmental burdens associated with synthetic
geosynthetics. Although cattail fibres are inherently biodegradable,
surface treatments such as alkali modification have been shown to delay
degradation, improve interfacial interactions, and extend functional
service life, making cattail-based materials particularly attractive for
erosion-prone landscapes and ecological restoration initiatives (Holanda
et al., 2024b). Overall, cattail fibres represent an economical and envi-
ronmentally benign substrate that can be used either in native form or
with simple chemical modifications for both aquatic and terrestrial
environmental remediation.

6.5. Energy devices and functional materials

Degummed cattail fibres have been carbonized to produce porous,
conductive carbon materials suitable for energy-storage devices. For
example, cattail-based cellulose microfibres converted into carbon aer-
ogels and anchored with polypyrrole, to make a binder-free super-
capacitor has been shown to attain an areal capacitance of 419 mF/cm?
with excellent cycling stability (Yu et al., 2018). Other works have
demonstrated cattail-derived activated porous carbon achieving high
charge-discharge capacity (~815 mAh/g) retained over 400 cycles as
the anode for Li-ion batteries (Li et al., 2023). Carbonized cattail-based
gas sensors have demonstrated real-time detection, quick response and
recovery, and selectivity for target gases with performance stability
sustained over several weeks (Yang et al., 2022). This leveraged on the
porous structure and defect-rich carbon of degummed cattail fibres to
enable rapid toxic gas detection. In situ functionalisation of cattail fibre-
based substrates, with conductive polymers for instance, have been
shown to yield flexible device architectures, applicable for wearable
sensors or energy storage devices (Xiao et al., 2020).

As a sustainable fuel source, cattail biomass can be processed into
pellets, briquettes, and bioethanol, though efficiency and logistics
remain significant bottlenecks. Past work have shown that cattail-based
pellets can attain a gross calorific values comparable to those of com-
mercial wood pellets (Grosshans and Grieger, 2015; Svedarsky et al.,
2019). Studies of anaerobic digestion and hydrothermal carbonization
of cattail have confirmed their convertibility to methane and hydrochar
further anchoring cattail's potential as a sustainable energy resource
(Zhang et al., 2020).

6.6. Biomedical and healthcare applications

Biodegradable nonwovens based on cattail leaf or seed fibres
blended with biopolymers such as PLA have been proposed as sustain-
able alternatives for single-use medical textiles including surgical
gowns, drapes and absorbent dressings (Srisuk et al., 2024). It has been
demonstrated that blends of PLA bicomponent fibres with natural fibres
such as cattail can produce composite webs with the permeability and
handling characteristics suitable for medical nonwovens (Parvin et al.,
2025; Srisuk et al., 2024). The attainable mechanical and barrier
properties depend on the fibre content and processing route (Sajn Gor-
janc and Kostajnsek, 2024). For cattail-based biomedical and healthcare
textiles, antimicrobial surface finishing remains an attractive strategy,
especially with the use of biobased compounds such as chitosan-based
coatings, tannins, or plant-based polyphenols which possess proven
biocompatibility and antimicrobial capability, (Aliabadi et al., 2021)
potentially augmenting the intrinsic phenolic chemistry of certain cat-
tail types (Alzagameem et al., 2019; Ivanov and Godjevargova, 2024;
Parvin et al., 2025).

12

Bioresource Technology Reports 33 (2026) 102570

7. Sustainability, circularity, and techno-economic viability of
cattail fibre production

The development of cattail fibres into commercially viable materials
depends not only on their technical performance but also on cost
competitiveness, scalability, and environmental sustainability. A multi-
criteria assessment that integrates techno-economic analysis (TEA) and
life cycle assessment (LCA) is critical to inform investment and policy
decisions. Sustainability metrics especially with regard to fibre extrac-
tion may include water consumption, effluent load, chemical usage, and
energy demand (Table 3). Traditional water retting processes generate
effluents with high biochemical oxygen demand (BOD), posing signifi-
cant environmental concerns (Parvin et al., 2025). Mitigation strategies
include on-site wastewater treatment such as aeration or anaerobic
digestion, or transitioning to alternative retting methods, including
enzymatic and dew retting, or controlled alkaline processes. Enzymatic
methods, though, may face cost constraints if enzyme reuse systems are
not integrated (Hasan et al., 2022; Parvin et al., 2025). Chemical retting
systems can also be designed as closed-loop processes that enable alkali
recovery, enhancing both sustainability and process efficiency. While
alkaline-oxidative hybrid systems balance quality and throughput, they
require robust effluent treatment. In contrast, dry mechanical processing
produces minimal liquid effluent but may necessitate dust management
measures and often results in lower fibre quality unless supplemented by
mild wet finishing techniques (Chakma et al., 2017; Shadhin et al.,
2021). The LCA profiles for production of cattail fibres via mechanical or
enzymatic extraction are comparable to those for conventional bast fi-
bres when optimized extraction is used (Georgiev et al., 2013). When
embedded in circular-economy frameworks, their environmental foot-
print can be further reduced (Brinksma et al., 2022).

In the context of resource and land utilization, cattail stands tend to
occur in dense populations that can become invasive across wetland
ecosystems (Bansal et al., 2019). Therefore, harvesting of this biomass
should be strategic, integrating it into invasive species control and
wetland management frameworks, while providing a feedstock for fibre
production (Dia et al., 2020; Parvin et al., 2025). However, harvesting
practices must be carefully managed to preserve critical ecological
functions, including habitat provision e.g., for nesting birds, as well as
maintain water quality standards (Bansal et al., 2019; Dia et al., 2020;
Lishawa et al., 2020). Implementing rotational harvesting schedules has
been shown to optimize both fibre quality and ecological sustainability
(Pijlman et al., 2019).

Prior to processing, the primary cost components associated with
cattail biomass as a raw material include harvesting (cutting/bundling),
on-site collection, and transportation (Grosshans and Grieger, 2015).
Utilization of simple mechanized harvesters such as those commonly
employed for reed harvesting, combined with field-based pre-drying can
significantly reduce the mass of material to be transported, thereby
lowering logistical expenses (Grosshans and Grieger, 2015; Svedarsky
et al., 2019).

Application-wise, for composites for low stress applications, cattail
fibres can achieve cost competitiveness with conventional materials
such glass fibres at moderate loadings (15-30 wt%) due to density-
related material savings (Parvin et al., 2025; Shadhin et al., 2021). In
nonwoven and sorbent applications, cattail seed fibres offer a compel-
ling alternative to synthetic options like polypropylene pads, owing to
their low cost and high sorption capacity per unit mass, particularly in
single-use scenarios (Chelst et al., 2017; Cui et al., 2021; Dong et al.,
2015; Gorbachev et al., 2025).

The capital expenditure (Capex) and operating expenditure (Opex)
outlooks for various cattail-based product pathways are summarized in
Table 4. Low-Capex, low-Opex applications, such as seed fibre-based oil
sorbents, rustic textiles, and fibrous nonwovens present viable near-term
commercial opportunities (Cui et al., 2014; Moghaddam et al., 2016; Xu
et al., 2020). In contrast, more advanced applications, including aerogel
sorbents and carbonized fibres for sensor and energy technologies, entail
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Table 3
Environmental and process considerations for extraction routes of cattail fibres.
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Method Water requirement and Energy Chemicals Advantages Processing considerations
effluent load
Water High water use, high BOD  Low-to-moderate Minimal Good fibre quality Odour control, effluent treatment needed,
retting effluent permit requirements for ponds

Dew retting Minimal Very low None Low inputs Weather variability, variable fibre quality, large
land requirement

Mechanical Minimal Low-to-moderate None (dry) Low effluent Generation of dust, fibre losses, cleaning step
requirement

Alkaline Moderate Moderate (heat NaOH/KOH; recovery High cleanliness Alkali chemical handling, risk of corrosion

requirement) advisable
Oxidative Moderate Moderate H20:/peracetic, High purity fibres Handling of oxidants, risk of fibre embrittlement
neutralization
Enzymatic Low-to-moderate Low (40-50 °C) Enzymes, pH buffers Selective degumming, mild ~ Enzyme cost, enzyme activity control
effluent
Hybrid Moderate Moderate Mixed Tuneable outcomes, Integration complexity

balanced quality

(Kamali Moghaddam, 2022; Parvin et al., 2025; Shadhin et al., 2023; Shadhin et al., 2021).

Table 4
Indicative cost and risk matrix for selected cattail product pathways.
Product pathway Relative Relative Key risks Mitigations Near-term
Capex Opex viability
Textiles (apparel) High High Inconsistent fibre quality, short fibres; high cost Blend with fine fibres e.g., cotton/hemp, optimize Low
for fine processing, market acceptance. pretreatment, target niche eco-fashion market.
Textiles (healthcare) Medium-to- Medium Inconsistent technical performance, Blend with synthetic biopolymers. Medium
high reproducibility, durability.
Textiles (rustic) Low-to- Low-to- Rot susceptibility, seasonal supply. Local sourcing, low-tech processing, target niche High
medium medium markets, eco-branding
Oil sorbents (seed fibre) Low Low Seasonal supply, quality variability. Local sourcing, simple cleaning lines High
Nonwovens Low-to- Low-to- Limited binder compatibility, thermal PLA bicomponent filaments, moisture control, High
(Thermoplastic- medium medium processing limits. coupling agents
bonded)
Thermoset composites Medium Medium Moisture sensitivity, poor adhesion. Alkali/silane treatment, sizing, pre-drying steps Medium
Aerogel sorbents (seed Medium-to- Medium Chemical handling, high additive and Green solvents, recyclability plans Medium
fibre cellulose) high processing costs.
Carbonized fibre for Medium Low Consistency of carbon microstructure Controlled pyrolysis, activation Medium
sensors -medium

(Bai et al., 2023; Cui et al., 2021; Cui et al., 2014; Li et al., 2023; Moghaddam et al., 2016; Srisuk et al., 2024; Xu et al., 2020; Yang et al., 2022)

higher capital investment but may access niche, high-value markets (Bai
et al., 2023; Cui et al., 2021; Li et al., 2023; Yang et al., 2022). The key
economic advantage, though, lies in the low cost of the cattail feedstock,
as it typically grows on marginal land with minimal agricultural input.

With regard to end-of-life options, cattail-derived fibre products are
compatible with industrial composting systems, offering a biodegrad-
able end-of-life pathway. The degradability of cattail-based composites
is largely influenced by the choice of matrix material. In applications
such as oil spill remediation, energy recovery through controlled
incineration presents a practical disposal option. In systems incorpo-
rating advanced functional fillers such as graphene oxide or metal-
organic frameworks, end-of-life strategies must account for the recov-
ery or safe immobilization of these additives so that the overall envi-
ronmental benefit is preserved (Cui et al., 2021).

8. Perspectives

A core bottleneck in cattail fibre studies is the absence of specific
harmonized testing protocols. Important parameters that should be re-
ported, but often are not, include fibre length/diameter distributions,
gauge length, humidity history, and Weibull parameters for single-fibre
tests, alongside composite interfacial shear strength and dynamic me-
chanical analysis under controlled relative humidity (Parvin et al., 2025;
Shadhin et al., 2022; Shadhin et al., 2023; Shadhin et al., 2021).

With regard to fibre extraction scalability and green chemistry,
enzymatic and low-alkali hybrid routes show promise but remain con-
strained by enzyme cost and recovery challenges. Integrating enzyme
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immobilization, recycling systems, or alkali recovery loops makes these
approaches more viable for industrial use. Comparative pilot-scale
studies contrasting field-based dew retting with controlled alkaline
extraction would clarify optimal routes for different cattail types and
regional conditions (Parvin et al., 2025).

In composite applications, improved interfacial compatibility re-
mains a priority. Cattail fibre surface modification strategies including
silane coupling, acetylation, and plasma treatments can enhance fibre-
matrix adhesion while improving moisture resistance (Alao et al.,
2021; Pavlovic et al., 2025; Seisa et al., 2022). Mechanical durability
under moisture cycling, creep, and fatigue conditions also requires
systematic evaluation. Biobased coupling agents derived from lignin,
tannins or other plant polyphenols may offer a sustainable pathway to
balance adhesion strength with biodegradability in cattail fibre-
reinforced composites (Fazeli et al., 2024; Tilouche-Guerdelli et al.,
2024). For thermoplastic-cattail composites, low-melting point biode-
gradable matrices and reactive extrusion strategies may unlock thermal
processing windows compatible with cattail fibres.

As for cattail seed fibres, their properties enable them to serve
beyond oil sorption, and can be particularly beneficial as platforms for
catalytic and antimicrobial functions (Jarernboon et al., 2018). Addi-
tionally, emerging areas such as flexible electronics, energy storage, and
water purification can benefit from the high surface area and unique
morphology of cattail fibre-derived carbons and aerogels
(Achayalingam et al., 2024; Yu et al., 2018). Cattail seed fibre-based
aerogels for water treatment, in particular, warrant further kinetic and
regeneration studies under real-water conditions (Cui et al., 2021).
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9. Conclusion

This review explored the potential of cattail fibres as low-cost,
renewable, and multifunctional materials for sustainable systems. It
highlighted how fibre origin, extraction methods, chemical composi-
tion, and microstructural characteristics collectively influence the me-
chanical, physical, and functional performance of cattail fibres as well as
their suitability for different applications. Cattail leaf and stem fibres
exhibit mechanical properties ranging from modest values in untreated
form to values approaching those of established bast fibres when opti-
mized extraction and surface modification are employed. Alkali, enzy-
matic, and hybrid chemical-mechanical treatments effectively reduce
non-cellulosic components, refine fibre morphology, and improve cel-
lulose exposure, thereby enhancing strength, interfacial bonding, and
composite performance. While optimized cattail fibres show competi-
tive specific properties relative to other bast fibres, their greater vari-
ability remains a key constraint. In composite systems, cattail fibres
contribute effectively as lightweight reinforcements, offering improved
tensile, flexural, and impact performance when appropriate fibre
treatments are applied. Cattail seed fibres, exhibit exceptional bulk
resilience, low density, and hydrophobic-oleophilic behaviour, despite
limited tensile capacity and short fibre length. These characteristics
underpin their suitability for insulation, cushioning, filtration, and oil-
sorption applications. From a sustainability perspective, cattail offers
distinct advantages, including rapid growth on marginal land, minimal
agricultural inputs, and the potential for integration into ecosystem
management initiatives such as invasive species control and phytor-
emediation. The comprehensive utilization of leaf, stem, and seed fibres
further supports circular economy principles through efficient biomass
valorisation.
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