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A B S T R A C T

This review focuses on the alternative uses of Elodea nuttallii (Planch.) H.St.John biomass. Elodea nuttallii is as an 
aquatic invasive alien species classified in the EU as a Species of Union Concern. Its dense monospecific stands 
affect both aquatic ecosystems and human activities, thereby requiring specific monitoring and management 
measures. The handling of E. nuttallii has a high economic cost, and the biomass removed from natural envi
ronments is considered a mere waste product. The need to implement circular economy, reducing waste and 
preserving natural capital, has led to the research for the reuse and valorisation of waterweed biomasses, such as 
E. nuttallii. This review critically assesses the feasibility and potential applications of E. nuttallii biomass in 
various sectors, including bioenergy production, extraction of metabolites, and fertilization. Out of more than 
200 articles from 1965 to 2023, only 16 were found to deal with the use of harvested biomass, all within the last 
12 years. This review highlights that the valorisation of E. nuttallii biomass is an underrepresented topic in 
scientific literature, and therefore in industrial sectors. Studies on biogas production are the most represented 
and have shown that E. nuttallii chemical composition is suitable for energy production, but is better suited as an 
additional feedstock to other biomasses already used for this purpose. New more cost-effective applications, such 
as animal feed and biosorbent, should be further addressed. By investigating alternative uses for E. nuttallii 
biomass, this review contributes to the development of sustainable practices that would turn a costly waste into a 
valuable resource.

1. Introduction

Invasive Alien Species (IAS) are allochthonous animals and plants 
that spread to a new environment, causing negative impacts that - in 
turn - affect ecosystem services, economy, and human health (IUCN, 
2023). IAS are fully acknowledged as one of the five major causes of 
biodiversity loss worldwide (IPBES, 2023; IUCN, 2023). The European 
Commission recognises the threat of invasive species and the need for an 
internationally coordinated effort to prevent, minimize and mitigate IAS 
impact. Member States are required to undertake specific actions to limit 
new introductions, detect and eradicate, and manage invasive species 
(European Commission, 2017). In inland waters, a major threat is posed 
by aquatic weeds, which have caused multiple issues for aquatic eco
systems in recent years, in many cases requiring drastic management 
solutions. This is the case of Elodea nuttallii (Planch.) H.St.John 

(synonyms: Anacharis nuttallii Planch.; Philotria minor Small; P. nuttallii 
(Planch.) Rydb.; E. minor (Engelm.) Farw; Udora canadensis var. minor 
Engelm.; P. occidentalis House; E. columbiana St. John (Duenas, 2022), a 
perennial, submerged waterweed, native to temperate regions of North 
America (Casper and Krausch, 1981; Duenas, 2022). The spread of this 
plant outside its natural range is due to anthropogenic activities. Elodea 
nuttallii has been commercialised worldwide as an oxygenator and 
ornament for ponds and aquariums, and has been planted in aquaculture 
plants as a supplementary food source for fishes and crustaceans. Since it 
was first reported, dating back to 1914 in Great Britain or 1939 in 
Belgium depending on the authors (Josefsson, 2011; Millane et al., 
2016; Simpson, 1984; Wolff, 1980), it has subsequently spread to 20 
European countries. It has also invaded Southeast Asia (EPPO European 
and Mediterranean Plant Protection Organization, 2023; Fujiwara et al., 
2020; Kadono, 2004; Koyama et al., 2014), and it is the first non-native 
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freshwater weed in Alaska (Schwoerer and Morton, 2018; Wishnek and 
Dlugolecki, 2020 ). Since 2017, E. nuttallii has been included in the list of 
IAS of European Union Concern (Regulation EU 1143/2014 and Com
mission’s Implementations), and is classified by the European and 
Mediterranean Plant Protection Organization (EPPO) as an A2 plant, “as 
having a high potential for spread; as posing an important threat to plant 
health and/or the environment and biodiversity; and eventually as 
having other detrimental social impacts in the EPPO region” (EPPO 
European and Mediterranean Plant Protection Organization, 2023; Eu
ropean Commission, 2014, 2017, 2019). Unlike E. nuttallii, other 
congeneric species are not officially classified as IAS of Union Concern in 
EU. The congeneric species Elodea canadensis has been significantly 
introduced outside its natural range, for example, in Europe. Although it 
has rapidly spread into new areas, after the more recent introduction of 
E. nuttallii, the latter often outcompetes E. canadensis, suggesting a 
decline of E. canadensis in favour of the invasion of E. nuttallii (Buldrini 
et al., 2023).

Elodea nuttallii prefers meso- or eutrophic habitats, shallow, slow- 
flowing, or standing waters. Artificial canals, ponds, and lakes are the 
most common habitats, but it also grows in streams and rivers, prefer
ring muddy substrates, high concentrations of nitrogen and calcium, and 
low-velocity and low-turbulence waters (Kolada et al., 2022; Mazej 
Grudnik and Germ, 2013; Steen et al., 2019). Whenever the optimal 
conditions are encountered, plants can reach the water surface and form 
dense monospecific stands, thanks to rapid growth and dispersal, 
enhanced by vegetative propagation (Crane et al., 2022; Kunii, 1984; 
Preston and Croft, 2014). When it reaches a high biomass, E. nuttallii can 
have important repercussions on the ecosystem due to its role as an 
ecological engineer, i.e., organisms that “directly or indirectly modulate 
the availability of resources to other species by causing physical state 
changes in biotic or abiotic materials” (Jones et al., 1994). In freshwater 
habitats, invasive ecosystem engineers impact environmental factors 
such as light, temperature, sediment deposition, nutrient availability, 
and oxygen level, altering habitat structure and water chemistry and 
posing a potential threat to other species (Emery-Butcher et al., 2020; 
Jones et al., 1994). E. nuttallii has been demonstrated to alter freshwater 
communities, in particular aquatic plants, macroalgae, phytoplankton, 
and invertebrates, by modifying oxygen saturation level, nutrient level, 
pH, light availability, and allelopathic interactions (Dembowska et al., 
2021; Kelly et al., 2015; Szabó et al., 2010; Vanderstukken et al., 2014). 
As a result, biotic communities are qualitatively and quantitatively 
altered, showing different species composition and lower biomass, 
species richness and biodiversity, and ecosystem resilience to distur
bances is reduced. In addition to the alterations of the ecosystem, the 
impact on environmental services and human activities is also signifi
cant (Di Nino et al., 2005; Millane et al., 2016; Steen et al., 2019). Elodea 
nuttallii dense stands interfere with both recreational (e.g., bathing, an
gling, and other outdoor activities) and productive (e.g., hydroelectric 
energy generation, boat traffic) activities.

Given the rapid spread of E. nuttallii outside its natural range over the 
last century, new restrictions and biosecurity measures are needed to 
reduce its future spread to uncolonized areas. Preventive measures 
include restrictions on the import and sale of potentially invasive spe
cies, an increase in monitoring and surveillance programs, and efforts to 
control the existing infestations. Still, many suitable areas (including 
some sites of the Natura 2000 protected network in the EU) are at high 
risk of invasion in the near future, given the high connectivity of 
waterbodies and the ease of E. nuttallii to reproduce through fragmen
tation (Steen et al., 2019). The prevention of the introduction and spread 
of E. nuttallii is a fundamental task, which is more cost and effort 
effective than subsequent intervention. However, in many European 
regions, but also outside the European Union, in Alaska, China, and 
Japan, it is too late for prevention, and intervention is mandatory. 
Remediation and management strategies are a real issue where the 
waterweed is already widespread. Control methods for aquatic weeds 
are biological control using herbivorous fish, chemical control (e.g., 

herbicides), and mechanical control (e.g., shading, water level draw
down, cutting) (Barrat-Segretain and Cellot, 2007; Cuthbert et al., 2019; 
Garland et al., 2022; He et al., 2019; Hoffmann et al., 2013; Zehnsdorf 
et al., 2015). Manual removal, mechanical cutting, and harvesting are 
the most effective and environmentally friendly control methods (CAI
SIE Control of Aquatic Invasive Species in Ireland, 2013), although these 
actions produce a huge amount of biomass that needs to be disposed of. 
For example, in 2004, approximately 26,000 metric tons of Elodea spp. 
fresh material was harvested in a 13 km2 area of Lake Goitzsche, Ger
many (Bauer et al., 2018). In addition to the costs of labour and 
equipment, the costs associated with the disposal of the harvested 
biomass should also be considered. The risk assessment for E. nuttallii 
carried out by Millane et al. (2016) estimated the annual management 
costs for EU countries to be between 0.1 and 1 million € in 2016, rising to 
more than €13 M in the future. Macêdo et al. (2024) highlighted that 
annual global costs of damage and management of aquatic invasive 
plants have increased by three to four orders of magnitude since 1975. 
Most of the time, E. nuttallii harvested biomass is considered as organic 
waste and treated accordingly, but new utilizations as profitable alter
natives to disposal are gaining attention. This is especially true from a 
circular economy perspective; the need to reuse, recycle, and recover the 
existing biomass is undeniable and this action is environmentally 
friendly and economically convenient in a broad viewpoint. In recent 
years, researchers and local authorities have had to optimise the 
removal of aquatic plant IAS from infested waters in terms of harvesting 
methods and alternative uses of the plant, considering biomass as a raw 
material for alternative uses rather than as a waste.

This review aims to summarize the current knowledge on possible 
alternative uses of harvested biomass of E. nuttallii, an IAS of Union 
Concern whose monitoring and management are mandatory in the EU, 
and to identify the main gaps that need to be filled by scientific research 
in the near future for an environmentally sustainable and economically 
viable management of E. nuttallii. Alternative uses tested for E. nuttallii 
may provide a starting point for managing other invasive macrophytes.

2. Methods

The objective of this review was to collect and critically assess sci
entific results concerning the possible reuse of E. nuttallii biomass in the 
context of a circular economy approach to waste management and 
valorisation. To this aim, bibliographic research was conducted by using 
Google Scholar, PubMed®, and Scopus® search engines. Firstly, papers 
containing the terms “Elodea nuttallii” AND “use*”; “Elodea nuttallii” 
AND “application*”; “Elodea nuttallii” AND “alternative*”; “Elodea nut
tallii” AND “utilisation*” in their title/abstract/keywords were selected 
to obtain an overview of the topic. Papers i) not focusing on the species 
E. nuttallii; ii) quoting the terms without delving into new approaches, 
research, or results on the matter; iii) centring on ecological or physio
logical aspects of the plant or applications requiring E. nuttallii planta
tion were excluded. To comply with circular economy principles, only 
papers that concerned E. nuttallii harvested biomass as a raw material for 
innovative applications were considered, while we excluded research 
implying its cultivation. Based on the results obtained by this first se
lection, a second, more specific search was run, using the following 
words: “Elodea nuttallii” AND “energy*”; “Elodea nuttallii” AND “anaer
obic digestion”; “Elodea nuttallii” AND “biogas” OR “methane”; “Elodea 
nuttallii” AND “hydrothermal” AND “treatment” OR “process” OR 
“carbonization”; “Elodea nuttallii” AND “biochar”; “Elodea nuttallii” AND 
“biofuel”; “Elodea nuttallii” AND “metabolite*”; “Elodea nuttallii” AND 
“pharmaceutical*”; “Elodea nuttallii” AND “fertilizer*”; “Elodea nuttallii” 
AND “agriculture”; “Elodea nuttallii” AND “feed” OR “food”; “Elodea 
nuttallii” AND “sorption” OR “biosorption” OR “adsorption” OR “reme
diation”. The selected papers were screened as illustrated above. 
Moreover, grey literature was excluded from the review (i.e., abstracts in 
books of conferences, posters, technical reports, and theses). To delve 
into molecular and pharmaceutical aspects, the PubChem® search 
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engine was used.

3. Results

The first general query resulted in more than 200 scientific papers 
dating from 1965 to 2023, of which 75% were published in the last 
decade (Fig. 1 - a). The main topics of these publications were ecology, 
physiology, management, and alternative uses based on alive or dead 
biomass of E. nuttallii (Fig. 1 – b. Supplementary Material for more de
tails). Among them, the vast majority were excluded, and only 14 papers 
were selected as truly focusing on the application of E. nuttallii harvested 
biomass. The second survey detected around 20 papers that were not 
included in the first research, but only two concerned our topic.

The bibliographic survey highlights that the scientific interest in the 
recovery and reuse of E. nuttallii biomass is quite recent: the first paper 
about potential uses of E. nuttallii dates back to 2011, and 31% of the 16 
selected articles about this topic were published in 2018 by authors 
working in Germany. Despite the need for favourable management 
strategies for invasive waterweeds and the current attention to sus
tainable and circular economy-based approaches, alternative uses of 
E. nuttallii have rarely been investigated, and this review emphasizes the 
requirement for more research on this topic to implement E. nuttallii 
handling and to use it as a model for other invasive alien macrophytes. 
At present, the applications of E. nuttallii that have been tested in the 
scientific literature are: (i) biogas production through anaerobic 

digestion; (ii) hydrothermal treatments for solid biofuel production; iii) 
the extraction of metabolites for pharmaceutical use; and (iv) the pro
duction of fertilizer.

3.1. Biogas production through anaerobic digestion

From this research, energy production from plant biomass resulted as 
the most investigated topic for the valorisation of E. nuttallii harvested 
biomass as an alternative to plant disposal. Anaerobic digestion (AD) is a 
technology that provides energy in the form of biogas (i.e., a mixture of 
methane, carbon dioxide, and other gases produced by the fermentation 
of organic matter) and digested liquid and solid effluents through 
anaerobic biochemical conversion of organic compounds. A digester 
could operate with many organic feedstocks, e.g., livestock slurry and 
manure, food waste, crop silage, wastewater sludge, or with a co- 
digestion of more than one substrate (Zhang et al., 2016). AD is 
widely employed to produce renewable alternative energy and to 
implement cost-effective and environmentally friendly management of 
wastes: in 2020, there were 18,843 biogas plants in Europe, and this 
number has been significantly increasing by year (EBA European 
Biomass Association, 2022). Methane is the primary component of the 
biogas produced by AD (around 60%) and is used as a fuel source of 
energy (Holmes and Smith, 2016).

In the following paragraphs, the chemical composition and storage of 
E. nuttallii biomass are discussed as important aspects to consider for 

Fig. 1. Papers concerning E. nuttallii that resulted from the bibliographic survey. a) Time trend. b) Main topics of the papers.
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efficient AD, followed by a subsection regarding biogas production.

3.1.1. Chemical composition of the biomass
Submerged macrophytes have a softer body structure than terrestrial 

plants and emerging aquatic plants, owing to a low lignin content. The 
low ratio between lignin and cellulose and hemicellulose, which is 
typical of aquatic plants, enhances the methane production in AD plants 
(Fujiwara et al., 2022; Kaur et al., 2018; Koyama et al., 2014) (Table 1). 
Table 1 shows cellulose, hemicellulose and lignin content in 15 aquatic 
plants, and it emphasizes the suitability of E. nuttallii for AD, having a 
lignin:cellulose ratio that ranges from 0.1 to 0.4, whereas in other spe
cies it reaches higher values, up to 4.3 in Salvinia molesta. On the other 
hand, the high water content of aquatic plants (up to 95% of dry mass in 
E. nuttallii) is a critical factor for digesters. This aspect complicates both 
processing, as the digestate is in a more diluted form and biogas pro
duction is lower from fresh biomass, and storage, given that the 
waterweed begins to decompose rapidly in the open air (Bauer et al., 
2018; Möller et al., 2018). Knowledge of the chemical composition of 
the substrate is essential to obtain good AD performances, high methane 
production, and a valuable digestate. Researchers highlight a common 
trend between biomass composition in terms of lignin, total carbon and 
total nitrogen content, and methane yield (Fujiwara et al., 2020; 
Koyama et al., 2014). The C:N ratio is another key factor in digestion 
processes. In E. nuttallii it has been reported between 10.8 and 31.8, 
almost fitting the optimal (i.e. 15 and 30; Fujiwara et al., 2020; Möller 
et al., 2018; Zehnsdorf et al., 2017, 2018).

Fujiwara et al. (2020) pointed out that seasonality could affect the 
biochemical composition of weeds and, therefore, their methane po
tential. For example, E. nuttallii showed a marked seasonality in the 
lignin content, with the lowest values during summer and the highest 
values in autumn with leaf loss. This is a positive feature of this species, 
as the time of year, when the percentage of lignin is the lowest, is also 
the time when the available biomass is at its maximum.

Special attention must be paid to the potential presence of xenobi
otics in AD feedstocks, which can be absorbed from water, compro
mising AD performances and biogas development. Heavy metals and 
other pollutants, like antibiotics and chlorophenols, which are used as 
pesticides, herbicides, antiseptics, and fungicides, have notably toxic 
effects on methanogenic bacteria, causing a reduction in the yield of 
biogas and the production of intermediate organic compounds 
(Czatzkowska et al., 2020). A significant presence of these pollutants in 
the digestate could be an obstacle to its subsequent use, for example, as a 
fertilizer. Zehnsdorf et al. (2017) reported low concentrations of 

chromium, cadmium, nickel, lead, and zinc in E. nuttallii dry matter, 
with no negative consequences for AD and digestate use.

3.1.2. Storage
Concerning the storage of wet and highly decomposable biomasses, 

some authors proposed ensiling for aquatic plants. Ensiling is based on 
solid-state lactic acid fermentation under anaerobic conditions 

Table 1 
Composition of some lignocellulosic biomasses tested for anaerobic digestion.

Biomass Cellulose % Hemicellulose % Lignin % Units Lignin/Cellulose References

E. nuttallii 16.5 24.7 n.d. % DW / Xiao et al., 2009
E. nuttallii 35.9 n.d. 3.2 % TS 0.1 Koyama et al., 2014
E. nuttallii 21.8–55.6 % TS 7–9.5 % DW n.d. / Atapaththu et al., 2015
E. nuttallii 17.5 4.7 2.2 % TS 0.1 Gallegos et al., 2018
E. nuttallii 21.5–40 3.1–9.2 6.2–15.3 % VS 0.3–0.4 Fujiwara et al., 2020
Alterranthera philoxerides 25.4 27.1 n.d. % DW / Xiao et al., 2009
Azolla filiculoides 21.8 13.5 10.3 % VS 0.4 Miranda et al.
Ceratophyllum demersum 22.3 6.9 15.8 % TS 0.7 Koyama et al., 2014
Egeria densa 36.2 1.9 4.4 % TS 0.1 Koyama et al., 2014
Egeria densa 29.2–35.3 7.7–16.9 3.1–9.2 % VS 1.1–0.3 Fujiwara et al., 2020
Eichhornia crassipes 24.5 34.1 8.6 % VS 0.4 Ruan et al., 2016
Hydrilla verticillata 356.1–394.5 9.4–20.3 11.1–17.7 % VS ≈0 Fujiwara et al., 2022
Lemna sp. 10–24.5 3.5 3.1 % VS 0.1–0.3 Xu and Deshusses, 2015
Pistia statiotes 27.6 29.7 3.5 % VS 0.1 Sivasankari and Ravindran, 2016
Potamogeton maackianus 23.1–30.8 12.3–18.5 15.4–23.1 % VS 0.6–0.8 Fujiwara et al., 2020
Salvinia molesta 32 26 13.7 % VS 4.3 Sciessere et al., 2011
Spirodela polyrhiza 20.2 17.9 13.3 % VS 0.7 Fujiwara et al., 2022
Trapa japonica 22.9 10.1 9.2 % VS 0.4 Fujiwara et al., 2022
Typha latifolia 38.5 37 12.8 % VS 0.3 Sopajarn and Sangwichien, 2015
Vallisneria natans 12.3 28.2 n.d. % DW / Xiao et al., 2009

DW: dry weight, TS: total solids, VS: volatile solids.

Table 2 
Comparison of methane yields generated by AD of different feedstocks.

Feedstock Composition Methane yield 
mL CH4/g VS

References

E. nuttallii Fresh E. nuttallii 261–301 Muñoz Escobar 
et al., 2011

E. nuttallii Fresh and chopped 
E. nuttallii

204–233 Möller et al., 2018

E. nuttallii Frosted and shredded 
E. nuttallii

360 Koyama et al., 
2014

E. nuttallii Dried and milled E. 
nuttallii

189.2–284.1 Fujiwara et al., 
2020

Elodea silage E. nuttallii silage 219 Zehnsdorf et al., 
2018

Mixed silage E. nuttallii and chopped 
and ground straw 
silages

166–228 Zehnsdorf et al., 
2018

Elodea silage Elodea spp. silage 215 Gallegos-Ibanez 
et al., 2023

Mixed silage Elodea spp. and chopped 
and ground wheat straw 
silages

167–226 Gallegos-Ibanez 
et al., 2023

Silage mixtures 
of Elodea and 
wheat straw

Elodea spp. silage (20% 
E. nuttallii, 80% 
E. canadensis), wheat 
straw

166–228 Gallegos et al., 
2018

Elodea straw 
silage

E. nuttallii, chopped 
wheat straw

259 Bauer et al., 2018

E. nuttallii 
process 
water

Water- soluble organic 
components from 
E. nuttallii undergone 
hydrothermal 
carbonization

283–287 Poerschmann 
et al., 2015

Swine manure Swine manure 240 Vítěz et al., 2015
Dairy manure Dairy manure 192 Ekinci et al., 2023
Rye grass 

silage
Rye grass silage 230–406 Vítěz et al., 2015

Corn silage Corn silage 296 Labatut et al., 
2011

VS: volatile solids.
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(Weinberg and Ashbell, 2003). The objective of ensiling is to preserve 
plant material, maintaining as much as possible its original nutritional 
value. The quality of the obtained silage is evaluated by texture, dry 
matter loss, pH, temperature, fermentation, and lactic acid production. 
Silage quality improved particularly when Elodea spp. was ensiled with 
wheat straw, whereas enzymatic, chemical, and bacterial additives did 
not seem to have any benefit on silage (Gallegos-Ibanez et al., 2023; 
Zehnsdorf et al., 2018).

3.1.3. Biogas production
Elodea nuttallii proved to have suitable characteristics for biogas 

production (Gallegos et al., 2018; Koyama et al., 2014; Möller et al., 
2018), and it showed the highest methane yield among five submerged 
macrophytes (namely Ceratophyllum demersum, Egeria densa, Potamoge
ton maackianus, and Potamogeton malaianus) harvested from Lake Biwa, 
the largest lake in Japan (Koyama et al., 2014). Literature shows that the 
methane yield obtained with E. nuttalli as a substrate in AD processes is 
comparable with that of more traditional substrates, such as crop silage 
and manure (Table 2). Also, testing E. nuttallii silage in AD, researchers 
obtained a good methane yield (166–228 mL CH4/g VS) (Gallegos et al., 
2018; Zehnsdorf et al., 2018).

Generally, researchers agree that biogas production with E. nuttallii is 

technically feasible, though not always cost-effective. Indeed, water
weed intrinsic characteristics (e.g., C:N ratio, lignin and water content, 
rapid deterioration), and features linked to environmental conditions (e. 
g., seasonal changes in the composition of the biomass and biomass 
availability) suggest that the most feasible use of E. nuttallii is as a co- 
substrate with other feedstock, such as wheat straw or maize silage 
(Bauer et al., 2018; Gallegos et al., 2018; Muñoz Escobar et al., 2011; 
Zehnsdorf et al., 2011, 2018). Further trials are needed, and new tech
nologies, such as the two-stage serial wet- and solid-state AD (SS-AD) 
system proposed by Iweh et al. (2020), need to be further improved for a 
cost-effective AD treatment of E. nuttallii biomass.

3.2. Hydrothermal treatments

Hydrothermal treatments (HTs), including pyrolysis and hydrother
mal processing, are interesting technologies to valorise humid biomass. 
These technologies use high temperature (up to 375 ◦C) and pressure (up 
to 22 MPa) to transform the biomass into solid, liquid, and gaseous 
products. The quality of the products and their potential applications 
depend on both the structure of the raw material and process conditions, 
such as temperature, pressure, time, and the use of a catalyst 
(Czerwińska et al., 2022; Demirbaş and Arin, 2002; Tekin et al., 2014). 

Table 3 
List of the 10 most abundant and 10 unique molecules (signature molecules) found in E. nuttallii by Tang et al. (2023).

Molecule Most 
abundant

Signature 
molecule

Family of compound Other source Biological activity

Primary Secondary /
1,2-Dipalmitoyl-sn-glycero-3- 

phosphate
✓ Lipid / / ?

2-deacetoxytaxinine B (2) ✓ Diterpene Taxan Taxus cuspidata (Liang et al., 1998), 
T. wallichiana (Kim and Yun-Choi, 
2010; Shrestha et al., 1997)

+

Antiplatelet agent (Liang 
et al., 1998)

2-hydroxyhexadecanoic acid ✓ Lipid FAME Land plants (Shepherd et al., 2007) –
2-methyl-5-(8-pentadecenyl)- 

1,3-benzenediol
✓ Lipid Alkyl resorcinols and 

derivatives
Nuts (Mubofu and Mgaya, 2018), 
roots of Ardisia cornudentata (Chang 
et al., 2011)

+

Antitubercular (Chang et al., 
2011), tyrosinase inhibitor (
Kubo et al., 1994)

4′-O-(GlcA(1–2)GlcA) 
apigenin

✓ Polyphenol Flavonoid glucuronide Common in land plants –

9,12,15-octadecatrien-1-ol ✓ Lipid Fatty alcohols Land plants + (Kim et al., 2024)
10,13-epoxy-10,12- 

octadecadienoic acid [5- 
pentyl-2-furanoctanoic 
acid]

✓ Lipid Fatty acid / +

If concentration is equal to 
100 μM or higher (Lengler 
et al., 2012)

(10E,15Z)-9,12,13- 
trihydroxyoctadeca-10,15- 
dienoic acid

✓ Lipid Hydroxy fatty acid Rhizomes of Cyperus rotundus (Shin 
et al., 2015), roots of Malva symvestris 
(DellaGreca et al., 2009), Arabidopsis 
thaliana (Mönchgesang et al., 2016; 
Strehmel et al., 2014), Corchorus 
olitorius (Yoshikawa et al., 1998)

+

Macrophage inactivation (
Shin et al., 2015)

12S-hydroxy-5Z,8E,10E- 
heptadecatrienoic acid 
[12S-HHTrE]

✓ Lipid Leukotriene / +

Not reported for the native 
compound, but metabolites 
can be active (Liu et al., 
2014)

13(S)-Hydroperoxylinoleic 
acid

✓ Lipid Degradation 
compound

/ –

C16 sphinganine ✓ Lipid Sphingolipid Land plants (Chao et al., 2011), fungus 
(Gacem et al., 2020)

+ (Gacem et al., 2020)

Eremopetasitenin C2 ✓ Lipid Sesquiterpene Petasites japonicus (Tori et al., 1998) ?
Ethyl 7-epi-12-hydroxyjasmo

nate glucoside
✓ O-acyl 

carbohydrate
/ Malus domestica (ChEBI Chemical 

Entities of Biological Interest, 2024)
–

Gynocardin ✓ Cyanogenic glycoside Ryparosa kurrangii –
Harderoporphyrin ✓ Close 

tetrapoyrrole
Porphyrin Usually, this compound is not 

accumulated
–

Lansioside C ✓ O-glucoside / Fruits (HMDB The Human 
Metabolome Database, 2024)

+ (Nishizawa et al., 1983)

p-chlorophenylalanine ✓ Amino acid / / + (Dringenberg et al., 1995)
Phosphatidylinositol lyso 

18:0
✓ Lipid Glycerophospholipid / + (Sabogal-Guáqueta et al., 

2018)
Spirotaccagenin Lipid Triterpenoids / ?
Sucrose ✓ Sugar Disaccharide / ?
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The pyrolysis subproduct, i.e., the biochar, can be used as a high-energy 
fuel, for soil carbon sequestration and improvement, or for absorption of 
liquid pollutants. The liquid phase is useful as a microalgae culture 
medium, fertilizer, or for biogas production. Finally, the employment of 
biogas as a renewable energy and fuel source (Czerwińska et al., 2022; 
Muñoz Escobar et al., 2011) has been discussed in the above section 
Biogas production through anaerobic digestion.

Few studies have focused on the utilisation of E. nuttallii biomass in 
HTs. Muñoz Escobar et al. (2011) and Poerschmann et al. (2015) tested 
the production of biochar from E. nuttallii biomass by hydrothermal 
carbonization. The solid products obtained from E. nuttallii seem 
potentially suitable for carbon sequestration, soil amelioration, and 
energy recovery in combustion plants. In general, the results showed a 
favourable solid conversion (59.5–65% on a weight basis; Muñoz 
Escobar et al., 2011), similar to that of other raw materials that under
went hydrothermal carbonization. The high retention of phosphorus and 
calcium in biochar makes them a good material for soil fertilization; on 
the other hand, the enrichment of potential phytotoxic elements (such as 
heavy metals like copper, zinc, aluminium) in the solid pellets is an 
unfavourable factor for agricultural use. As for energy production, 
E. nuttallii biochar demonstrated a low calorific value due to its high ash 
content and low organic carbon content. The quality of the biochar 
depends on the carbonization condition (e.g., biochar obtained at 240 ◦C 
has a higher calorific value than that generated at 200 ◦C; Poerschmann 
et al., 2015). The low quality of solid fuels obtained from E. nuttallii was 
also highlighted by Pels et al. (2014).

The possible uses of the liquid products of hydrothermal carbon
ization have also been tested, for example, process water has been 
successfully used to produce biogas through AD. The liquid phase ob
tained from hydrothermal carbonization of E. nuttallii had a positive 
outcome in terms of methane yield (Table 2) (Poerschmann et al., 2015), 
which was even higher than the results obtained from other more 
traditional feedstock process water (i.e., wheat straw), suggesting a 
viable application for the liquid products of HTs.

In conclusion, the main advantage of HTs is in the circular economy 
because they create new material, prolong the life of the raw material, 
and all the resulting products may be used for various applications, such 
as energy production, bioremediation, and fertilization. Specifically, 
products obtained from E. nuttallii were not suitable as a biofuel, but 
rather for soil fertilization and amelioration, and biogas production. HTs 
could be potentially sustainable methods (Zhang et al., 2023) for the 
valorisation of E. nuttallii biomass, but additional investigations and 
advancements are needed to better manage waterweed harvested 
biomass and to take the best advantage of all the products of the 
treatment.

3.3. Metabolites for pharmaceutical applications

Numerous aquatic plant species have been traditionally used in folk/ 
traditional medicines and are known for having pharmaceutical appli
cations, such as anti-inflammatory, antioxidant, antimicrobial, antipy
retic, analgesic properties, and other specific activities (Baek et al., 
2021; Osama et al., 2023; Rezq et al., 2021; Unadkat and Parikh, 2021). 
To date, studies on E. nuttallii metabolites and their potential pharma
ceutical or nutraceutical applications are very scarce. In the second half 
of the 20th century, it was only known that E. nuttallii does not contain 
toxic substances (Hegnauer, 1963) and therefore can be used for food 
and/or feed. An initial search for the presence of active molecules in 
E. nuttallii was performed by Muñoz Escobar et al. (2011) who identified 
β-sitosterol, a common plant phytosterol. From the chemical point of 
view, β-phytosterol is similar to cholesterol. It exhibits many biological 
actions such as antioxidant, anticancer, anti-diabetic, antimicrobial and 
immunomodulatory activities (Bin Sayeed et al., 2016; Khan et al., 
2022) and is also used for treating prostate hyperplasia (Wilt et al., 
1999). The first analysis of the metabolome of E. nuttallii was published 
in 2023 by Tang and collaborators through a comparison with the 

metabolites contained in Cladophora sp., a freshwater green macroalga 
sharing the same environment. Because the aim of that study was to 
compare both metabolomes, the data were treated in order to enlighten 
the differences between them. At least 414 metabolites were identified, 
among which 10 compounds were the most abundant and 10 others 
constituted the metabolic signature of E. nuttallii regarding Cladophora 
(Table 3). Interestingly, none of the molecules appears in both lists. The 
list of compounds is additionally biased by the extraction protocol that 
was designed for extracting non-polar molecules. Among the 20 mole
cules identified in E. nuttallii, 10 have been already identified as pre
senting a biological activity while 6 do not have such an activity. The 
others have not yet been tested.

In general, the concentration of these metabolites is lower in 
E. nuttallii than in other plants. For example, E. nuttallii has a maximal 
content of β-sitosterol of around 462 ppm (1 ppm = 1 mg β-sitosterol/1 
kg E. nuttallii dry material), compared to 6200 ppm in the woodland 
hawthorn Crataegus laevigata (Muñoz Escobar et al., 2011). Neverthe
less, the harvested biomass of the waterweed remains a waste, without 
the additional cost of cultivation and lacking in profiting alternatives. 
For this reason, the extraction of molecules from E. nuttallii could still be 
an economically viable alternative to be further examined not only from 
the pure economic point of view but also from the point of view of IAS 
management. Moreover, after extraction, the biomass can be used for 
other applications (e.g., AD, HTs), increasing the circularity of the pro
cess. As an example, Tedesco and Stokes (2017) performed AD of algae 
biomass after the extraction of bioproduction, and they found that 
methane yield did not differ significantly from that obtained by 
un-extracted algae.

3.4. Use as fertilizer

Thanks to its rich macro- and microelement composition (nitrogen, 
phosphorous, potassium, magnesium, calcium, iron, sulphur, and the 
trace elements cobalt, copper, and zinc), E. nuttallii biomass is a com
plete organic fertilizer (Muñoz Escobar et al., 2011). However, the 
waterweed demonstrates a low decomposition rate, taking up to years in 
the soil to decompose due to the relatively high cellulose content. Its 
slow breakdown makes E. nuttallii raw material inadequate for field 
fertilization. On the other hand, waste material derived from other 
E. nuttallii treatments, e.g., AD and HT, are a suitable alternative for 
fertilization purposes as such or as compost (Pels et al., 2014; Poersch
mann et al., 2015; Stabenau et al., 2018). During processes like AD or 
HTs, various elements, such as nitrogen, phosphorus, and potassium, 
accumulate in the water instead of being converted into gas or solid 
products. An enriched liquid phase is produced, with a high nutrient 
content and no decomposition-related issues. Elodea nuttallii digestate 
was found to have a medium-high phosphorus concentration compared 
to other plant-based digestate (Table 4).

The possibility of using the digestate in agriculture always depends 
on its content in putative toxic elements such as heavy metals. These 
contaminants are regulated in agriculture by legal limits, and the 

Table 4 
Phosphorous content in digestate derived from AD of various substrates. P 
content has been evaluated with respect to digestate dry weight (kg DW), fresh 
weight (kg FW), or total solids (kg TS).

Feedstock P concentration g/kg References

E. nuttallii 2.4–3.1 g/kg TS Stabenau et al., 2018
Energy crops 0.9–1.1 g/kg FW Möller et al., 2010
Aloes peel 11.8 g/kg FW Wang et al., 2019
Corn 11.6 g/kg FW Wang et al., 2019
Agricultural lignocellulosic waste 0.9 g/kg DW Tuszynska et al., 2021
Fruit and vegetable waste 2.4 g/kg DW Tuszynska et al., 2021
Distillery residue 0.6 g/kg DW Tuszynska et al., 2021
Household waste 3.1 g/kg TS Grigatti et al., 2015
Maize 6.7 g/kg TS Grigatti et al., 2015
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bioaccumulation capacity is plant-specific and depends on the envi
ronmental concentration of the xenobiotic. For this reason, the possi
bility of using E. nuttallii digestate as fertilizer must be always 
accompanied by a comparison of toxic elements concentrations in the 
biomass and in the environment (i.e., in water and sediment).

4. Future perspectives

AD, HTs, metabolite extraction, and fertilization are applications of 
E. nuttallii biomass that have been tested in the scientific literature and 
discussed in the previous sections. Three innovative applications to be 
explored in the future are:

i) The use of E. nuttallii inactivated biomass as animal feed. Fresh 
E. nuttallii showed positive effects on growth, body size, and 
muscle quality of crustaceans and fishes (Dorenbosch and Bakker, 
2011; Wu et al., 2023; Zheng et al., 2022). Indeed, other aquatic 
macrophytes (including IAS) have already been tested as dried 
feed ingredients for fish, poultry, and livestock, showing good 
nutritional potential and reducing costs and environmental im
pacts compared to traditional ingredients (Kumar et al., 2022; 
Naseem et al., 2021).

ii) The use of E. nuttallii inactivated biomass as biosorbent. Non- 
living macrophytes, including biochars, proved to be effective 
biosorbents for heavy metals, dyes, nitrogen, and phosphorus 
from water (Bianchi et al., 2021; Song et al., 2019; Wang, 2010; 
Xu et al., 2020). The sorption capacity of a dead-plant material 
depends on its physicochemical composition, particularly on 
surface functional groups. Colzi et al. (2018) compared the 
effectiveness of dead and living Myriophyllum aquaticum for 
heavy metals removal and obtained a higher removal percentage 
by using the non-living biomass, especially for Cd and Zn. Living 
E. nuttallii has been proven to adsorb metals (i.e., mercury, cad
mium, uranium), nutrients (i.e., phosphorus, ammonium, ni
trate), and fluoride from water and sediment (Cosio, 2020; Xiong, 
2019; Zhou et al., 2012).

iii) The use of E. nuttallii biomass as a substrate for biohydrogen 
production. As far as the production of biogas from E. nuttallii 
biomass is concerned, current research only considers methane, a 
strong greenhouse gas, whose combustion releases carbon diox
ide. In contrast, hydrogen is emerging as a promising cleaner- 
burning biofuel that produces only water vapour that can be 
collected for other usages (Ubando et al., 2022; Xu et al., 2022). 
Elodea nuttallii is a good candidate as a substrate for dark 
fermentation processes producing biohydrogen.

To our knowledge, Life Cycle Assessments (LCAs) and economic 
evaluations of the applications of E. nuttallii are currently missing in the 
scientific literature. Costs are one of the main issues related to IAS 
management and biomass valorisation. Nevertheless, the application of 
the biorefinery concept is more eco-friendly and it converts biomass to 
energy and other beneficial byproducts, with proper value. Feasibility 
studies are essential to establish management strategies and to develop 
full-scale applications, and they are an important aspect to be developed 
besides the testing of new applications.

5. Conclusions

The development of greener biotechnological processes and circular 
bioeconomy has motivated new research on alternative uses of 
E. nuttallii to disposal or incineration. This review article has provided a 
critical view of literature dealing with the use of E. nuttallii harvested 
biomass for energetic or pharmaceutical purposes. This biomass has 
demonstrated to be a suitable substratum for AD and HTs. Moreover, 
E. nuttallii byproducts have good characteristics to be used as fertilizers 
and the biomass contains at least 10 biologically active molecules. While 
most studies showed promising results, several knowledge gaps, areas of 
persistent uncertainty, and methodological issues do emerge from our 
analysis and need to be filled. Among others, high water content and 
decomposability are obstacles for treatments, and the efficacy of HTs 
liquid and solid phases as energy fuel, fertiliser, soil improver or liquid 
pollutant absorber should be further tested. Overall, more in-depth an
alyses, economic evaluations, and LCAs are needed to establish the real 

Fig. 2. Schematic summary of the potential uses of harvested biomass of E. nuttallii and connections among them. Applications which have not been tested yet are 
reported with higher transparency.
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potentials of E. nuttallii and to optimise its valorisation. The challenge is 
to find solutions that are adapted to the characteristics of this biomass, 
considering that its production is season- and weather-dependent and 
unstable over time. Therefore, a scale-up of biorefinery process of 
E. nuttallii biomass will also require the supply of source of biomass 
others than E. nuttallii, which will be an additional feedstock, rather than 
the only one. Indeed, the same is true for well-established agricultural 
feedstocks, whose supply is discontinuous during the year. In addition, 
we suggest that a sustainable approach should consider different treat
ments and the possible connections within them, as summarized in 
Fig. 2, where we also included potential alternatives not yet explored.
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Möller, K., Schulz, R., Muller, T., 2010. Substrate inputs, nutrient flows and nitrogen loss 
of two centralized biogas plants in southern Germany. Nutrient Cycl. Agroecosyst. 
87, 307–325. https://doi.org/10.1007/s10705-009-9340-1.

Mönchgesang, S., Strehmel, N., Schmidt, S., Westphal, L., Taruttis, F., Müller, E., 
Herklotz, S., Neumann, S., Scheel, D., 2016. Natural variation of root exudates in 
Arabidopsis thaliana-linking metabolomic and genomic data. Sci. Rep. 6 (1), 29033 
https://doi.org/10.1038/srep29033.

Mubofu, E.B., Mgaya, J.E., 2018. Chemical valorization of cashew nutshell waste. Top. 
Curr. Chem. 376 (2), 8. https://doi.org/10.1007/s41061-017-0177-9.
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