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INTRODUCTION 
 

Invasive plants are an important environmental problem, producing threats to 

biological diversity as well as impacts on agricultural production, inland water quality, and 

forestry. Plant invasion is a pervasive economic problem as well. Because invasive plants 

are not native in the region affected, they are less demanding concerning soil quality, 

availability of nutrients, and water; thus, they outcompete local natural populations (Gioria 

et al. 2023). Invasive plants can exert direct and indirect adverse effects. For example, 

several invasive plants are toxic to humans and animals, but indirectly invasive plants 

affect ecosystem services, and in some cases they can fully destroy natural habitats (Rai 

and Singh 2020). Total costs to the economy and environment by invasive alien species in 

the EU and USA are estimated at several billions of USD per year (Haubrock et al. 2021), 

and a significant part of these costs can be related to impacts of invasive plants.   

Human activities are largely responsible for the spread of invasive plants, as it takes 

place through global trade, transport, and intentional gardening. The spread of invasive 

plants is enhanced by climate change (Hellmann et al. 2008). In addition to being an 

economic need, there is social responsibility to control invasive plant populations. In the 
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European Union Biodiversity Strategy for 2030, the need to manage established invasive 

species and reduce the spread by 50% by 2030 (EU Biodiversity Strategy for 2030 2020) 

is set as a political target. A set of actions to be implemented in the EU concerning invasive 

alien species control is outlined in the Invasive Alien Species Regulation (2014). The 

Union List of Invasive Alien Species is the core component of the Regulation. The 

regulations and guidelines outlined in the Regulation apply to the species on this list and 

include limitations on the possession, import, sale, breeding, growth, and release of those 

species into the environment. Member States are obligated to manage species that are 

already widely distributed in their territory, take action on pathways of inadvertent 

introduction (i.e., prevention), and take action for the early detection and swift eradication 

of these species. Similar actions are planned in other regions of the world (Grice et al. 

2020). Amongst key factors limiting invasive plant eradication strategies are economic 

factors (Epanchin-Niell 2017). 

Invasive plant management and eradication requires not only political will but also 

concrete actions and should be economically justified (Fletcher et al. 2015). Different 

control methods can be used to eradicate and limit the spread of invasive plants. Non-

chemical methods are the most widely used (Weidlich et al. 2020). Mowing, prescribed 

fire as well as hand-pulling, cutting, and harrowing are the most popular (Weidlich et al. 

2020). Chemical control methods include treatment with herbicides (the most common is 

the use of glyphosate, but also imazapic is used, as well as other herbicides). Recently 

several biological control methods have demonstrated their efficiency, and they might 

include the use of microorganisms (Hess et al. 2019; Shahrtash and Brown 2021), genetic 

biocontrol (Teem et al. 2020), the use of natural enemies, and others (Hoddle 2023). 

Despite success stories of invasive plant control, much should be done to achieve the set 

aims of their eradication and limitation of spread.  

One of the main factors affecting the efficiency of elaborated and suggested 

methods of invasive plant control is the lack of knowledge of invasive plant ecology, their 

survival strategies as well as their phytochemistry, and allelopathic properties. Another 

factor affecting invasive plant control method efficiency is problems related to the 

utilization of removed invasive plant biomass, especially considering that this biomass for 

many species of invasive plants is high. Besides, some of the suggested invasive plant 

biomass utilization methods can support their spread, for example, composting; in addition, 

some eradication methods can be costly and labor-consuming (Hinz et al. 2019).  

One of the conceptual directions of development of the European Union considers 

the reduction of the use of fossil materials, especially fuel. This can be achieved by 

replacing fossil materials with renewable biomass, i.e. bioeconomy (A sustainable 

bioeconomy for Europe 2018). The aim of a bioeconomy is to use any kind of renewable 

biological resources to produce food, materials, and energy (A sustainable bioeconomy for 

Europe 2018). Another direction of development is the integration of circular economy 

concepts in all types of production and life (A new Circular Economy Action Plan... 2020). 

The circular economy is one of the key elements of the EU Green Deal (The European 

Green Deal 2020). This legislation supports sustainable development aimed at the 

reduction of pressure on natural resources, and biological diversity, while promoting 

industrial and social development. According to these concepts, invasive plant biomass is 

not a waste, but a valuable resource, possibly supporting its rational use. However, to 

effectively and safely utilize invasive plant biomass, much more should be done to 

understand possibilities of its use and application as well as safe utilization possibilities. 

Considering the use of invasive plant biomass, it is very important to keep in mind 2 
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aspects: 1) the priority task is eradication and control of invasive plants, and any application 

should not promote their intended cultivation; 2) any processing should be elaborated in a 

way preventing propagation or renewed spread of plants and should be considered as 

utilization of invasive plant biomass. During the last decade, several new solutions for safe 

utilization of invasive plant biomass have been suggested, at first for bioenergy production, 

and then to obtain extracts from plants, fibers, and other materials (Fig. 1). Invasive plant 

biomass can be incinerated, and it has been used as feedstock to obtain biofuels (bioethanol, 

biogas, and others) and biochar as well as source of plant fibers. Plant biomass has been 

composted. By such means, the invasive plant biomass, after suitable processing, no longer 

can contribute to the spread of the undesired species.  Instead, it can serve as a source of 

biologically active substances for food and pharmaceutical industry, as source of fine 

chemicals, pigments, and many other interesting applications. However, the results of these 

studies so far have not been summarized (Vera et al. 2022).  

The present article reviews possibilities to use biomass of invasive plant species in 

the bioeconomy to achieve their safe utilization targets. 

 

 
 

Fig. 1. Approaches for safe utilization of invasive plant biomass to achieve safe utilization and use 
in bioeconomy aims 

  

 

INVASIVE PLANT BIOMASS AS FEEDSTOCK FOR BIOENERGY  
 

Invasive plants, just as any other type of biomass, can be used for energy 

production. The waste obtained after the eradication of plants, which is a renewable 

material, can support the replacement of fossil energy sources. Many invasive plants have 

high biomass productivity, which can be at the same level as energy plants. For example, 

Reynoutria japonica and Stapelia gigantea have annual biomass yield of 8.6 t/ha, but 

Impatiens glandulifera and Heracleum mantegazzianum have biomass production yield of 

5.8 and 6.0 t/ha (dry mass) (Van Meerbeek et al. 2015). 

A feasible approach can be considered incineration of invasive plant biomass, for 
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example, using granulation. The widely used plants Heracleum sosnowskyi and Solidago 

canadensis in the form of pelletized biomass together with binders (potato peel waste and 

spent coffee grounds) can be used as biofuel, and such mixtures have acceptable calorific 

values and application potential (Zihare et al. 2018). However, an obstacle is the need for 

drying of plant biomass to achieve optimal energy yields as well as optimization of the 

incineration process to reduce adverse impacts and achieve energy-efficient conditions of 

the process (Liang et al. 2023). There is a need to select the most appropriate processing 

technologies for invasive plant management. As a starting point, biomass life cycle 

assessment can be used to find the most viable and economically prospective approach 

(Joseph et al. 2020). 

Processing of invasive plant biomass into energy can be achieved using either 

biochemical or thermochemical processing technologies. The use of invasive plants for 

biofuel production is associated with risks of further spreading of these species, as 

economic driving forces are very important. Thus, in the case of highly spreadable species, 

there needs to be careful planning.  Provisions need to be made for plant eradication, 

transport, and other logistics to minimize the spread risk, and the use of biological control 

to reduce the invasiveness of alien species for the production of biofuel (Richardson and 

Blanchard 2011). 

 

Thermochemical Processing of Invasive Plant Biomass 
Biomass transformation into biofuel can be achieved using thermochemical 

processes including hydrothermal treatment, torrefaction, combustion, pyrolysis, 

gasification, and thermal liquefaction. Thermochemical treatment products are gaseous 

(syngas, hydrogen), liquid (oils, methanol and others), and solid (biochar) products, 

depending on the biomass type, treatment temperature, catalyst used, presence of oxygen, 

processing duration and conditions, as well as other factors (Canabarro et al. 2013). 

Thermochemical treatment has benefits, as it requires less complicated facilities, and 

usually it does not require biomass pretreatment in comparison to biochemical processing 

(Pisupati and Tchapda 2015). Thermochemical biomass processing can be considered 

highly productive, when considering capital and operating costs and energy efficiency; the 

technology can be regarded as robust, since mixtures of different biomass types can be 

applied (Lee et al. 2022).  

Gasification involves the conversion of biomass into syngas through the partial 

oxidation of biomass at elevated temperatures. The process converts solid biomass into 

combustible gas mixtures (synthesis gas or syngas - main components carbon monoxide 

(CO), hydrogen (H2), carbon dioxide (CO2), methane (CH4), water vapor (H2O), and 

nitrogen (N2) (Lapuerta et al. 2008). Biomass gasification includes a combination of 

exothermic oxidation and endothermic pyrolysis, depending on the availability of oxygen, 

and as byproducts also tars are formed (Canabarro et al. 2013). Pyrolysis is a biomass 

thermochemical transformation process at temperatures of approximately 1,000 °C in the 

presence of limited amounts of oxygen, resulting in solid, liquid, and gaseous substances. 

A balance between different pyrolysis products depends on heating temperature, heating 

rate, and other process factors.  

Possibilities to apply thermochemical processing methods influence the elemental 

and biochemical composition of invasive plants. As the category “invasive plants” reflects 

the distribution of these plants and their ecological risks, there are no significant differences 

with other higher vegetation plant biomass, both with respect to their composition and 

considering the main groups of substances forming them. Carbon content in most widely 
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found invasive plants is in the range from 42% up to 50%, with other elements at 

approximately H 5.2 to 6% and N 1.0 to 3% (Van Meerbeek et al. 2015; Fałtynowicz et al. 

2015; Reza et al. 2019; Pérez et al. 2021). Correspondingly, the higher heating values 

(indicating the calorific value of biomass if incinerated after the removal of water) are in 

the range from 16 to 20 MJ/kg (Van Meerbeek et al. 2014; Fałtynowicz et al. 2015; Reza 

et al. 2019; Pérez et al. 2021; Łapczyńska-Kordon et al. 2022). 

 

Invasive Plants as a Source of Biochar 
Biomass of invasive plants can be processed into solid biofuel, namely hydrochar 

or biochar. Biochar is a carbonaceous material produced during the thermal treatment of 

biomass at low oxygen conditions at temperatures starting from 180 °C up to 1,200 °C 

(Weber and Quicker 2018). Thermochemical transformation processes of biomass can be 

described as hydrothermal carbonization, slow and fast pyrolysis, gasification, 

carbonization, and torrefaction (Parshetti et al. 2013). Biochar has a highly condensed 

structure, and the concentrations of other elements than carbon (H, N, S, O) depend on the 

treatment conditions, the highest temperature of the first stage of heating, and the heating 

rate. Biochar can contain also surface functional groups (for example, -OH, -COOH, -C=O, 

C-H, N-H, and others) (Aller 2016). Depending on the processing temperature, specific 

surface area of biochar particles increases and can reach up to a few square meters per 

gram. However, by using physical activation (with gas, for example, CO2) or chemical 

activation (for example, using KOH, H3PO4 or other agents), surface areas up to 1,500 m2/g 

can be reached (Sakhiya et al. 2020). With increasing pyrolysis temperature, the yield of 

biochar decreases (Ahmed et al. 2016). Biochar contains also inorganic elements present 

in plant material, such as Na, K, Ca, and Mn, as well as trace elements. 

Biochar is a versatile material with diverse application possibilities and at first, it 

can be used as a solid fuel as during the pyrolysis process concentrations of other elements 

are removed and the major element forming biochar composition is carbon. Thus, biochar's 

highest heating value can reach even up to 40 MJ/kg in comparison with highest heating 

value (HHV) of invasive plant biomass < 20 MJ/kg (Aller 2016). Biochar obtained from 

invasive plants can be used not only as fuel but also as sorbents for the removal of 

pollutants, for example, trace metals from wastewater (Xiang et al. 2020). Other 

applications also have been demonstrated (Cha et al. 2016). 

A prospective area of biochar application includes its use in agriculture. Several 

studies have demonstrated beneficial and long-term implications of the use of biochar as a 

sustainable soil amendment as it improves soil environment, improves water retention 

capacity, stabilizes pH, supports slow release of nutrients, and it reduces emissions of 

greenhouse gases as well as bioavailability of pollutants, such as heavy metals (Woolf et 

al. 2010; Amini et al. 2016). Major benefits of invasive plant biomass thermochemical 

processing are related to the basic transformation of organic substances of plants into inert 

carbon material. Thus, risks related to the propagation of seeds or vegetative spread are 

excluded using this approach, but at the same time the carbon and nutrients accumulated 

in the plant biomass are recycled to soils.  

The use of invasive plant biomass as a feedstock for the production of biochar has 

been reviewed in recent studies (Liao et al. 2013; Feng et al. 2021; Yang et al. 2022) and 

convincingly demonstrates the benefits of this approach for the safe utilization of plants 

but at the same time possibilities to obtain chars with significant differences in structure, 

composition, and high adsorption capacities. Further application possibilities of biochars 

obtained from invasive plants can be found in areas such as environmental remediation and 
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agriculture, wastewater treatment and others.  

Pyrolysis of invasive plant Cortaderia selloana abundant in Spain has been studied 

at 750 °C and 850 °C using conventional and flash pyrolysis to obtain high calority biogas 

(17 MJ/kg), bio-oil with high yield (34%), and biochar with similar high calority (up to 29 

MJ/kg). Using pellets from Reynoutria sachalinensis and pyrolysis at different 

temperatures with the subsequent activation resulted in activated biochar with a high 

specific surface area (768 m2/g), but by using chemical (KOH) activation even surface area 

of 2,541 m2/g was obtained (Fałtynowicz et al. 2015). The potential to use obtained 

activated biochars for gas storage, purification, and depuration of mixtures has been 

mentioned. Invasive plant biochars can find new applications, for example for the 

production of hard carbons (Lakienko et al. 2022).  Using Heracleum sosnowskyi stems 

biochars can be obtained in a short time, including the pretreatment stage and further 

carbonization at 1,300 °C. Electrochemical properties of obtained biochars demonstrate 

high discharge capacity and thus are prospective material for sodium-ion batteries. 

Pyrolysis of Acacia holosericea provides the possibility to obtain biochar with a yield of 

34%, bio-oil with a yield of 32%, as well as syngas (Reza et al. 2019). Schinus 

terebinthifolius and Dioscorea bulbifera (plants invasive in South America) have been 

subjected to pyrolysis to produce biochar and bioenergy with yields similar to traditional 

pyrolysis feedstocks. The development of the pyrolysis model supports the possibilities of 

developing cost-effective invasive plant biomass utilization technology (Liao et al. 2013). 

Goldenrod (Solidago canadensis, Solidago gigantea) biomass has been used for the 

production of biochar using torrefaction (250 °C and 275 °C, for 3 h) and possibilities to 

use obtained biochar as fuel have been discussed (Łapczyńska-Kordon et al. 2022). The 

invasive plant Hovenia dulcis was used to prepare activated carbon (surface area 898 m2/g), 

and application of it was studied as a sorbent of herbicide atrazine as well as for purification 

of contaminated river water (Lazarotto et al. 2022). Another study proved the efficiency of 

activated carbon obtained from the same plant for the removal of pesticide diuron (Georgin 

et al. 2022). Biochar obtained from invasive species Reynoutria at temperatures of 350, 

450, and 550 ℃ were tested as absorbents for Cd2+ and Pb2+ removal in aqueous solutions. 

Thus, invasive plant biochar is a tool to control invasive plants that also can be applied in 

environmental and other technologies as a versatile material (Lian et al. 2020). Similar 

results were provided in the study of Wang et al. (2021), where the biomass of 5 invasive 

plants was used to produce biochar found to be efficient for the removal of Cd2+ and Cu2+ 

from wastewaters. Another study demonstrated the application possibilities of invasive 

plant biochar for the absorption of cation dye methyl orange from wastewater (Nguyen et 

al. 2021). 

The main strength of invasive biomass utilization using pyrolysis to produce 

biochar is in respect to the high safety of this approach. Biochar production can be done 

using existing facilities. This technology has been used since historic times to produce 

wooden biochar, and it can be easily upscaled and transformed for processing of other types 

of biomasses. Another main positive aspect of this technology is the versatility and high 

application possibilities of obtained biochar as it has been already demonstrated in several 

studies. 

 

Processing of Invasive Plant Biomass into Liquid or Gaseous Biofuel 
Considering the versatility of applications, liquid and gaseous biofuels obtained 

from invasive plants are preferable in comparison with solid biofuels. Conversion of 

invasive plant biomass into liquid or gaseous biofuels can be achieved using 
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thermochemical or biochemical processing. Biochemical processing is based on the 

isolation of oil components from plant biomass or hydrolysis of polymeric carbohydrates 

(cellulose, hemicellulose, starch, etc.) following fermentation and isolation of the desirable 

biofuel.  

The use of plant biomass for the production of gaseous or liquid biofuels is a well 

elaborated approach and is widely tested on different kinds of biomass (Demirbas 2011; 

Voloshin et al. 2016; Srivastava et al. 2021; Ramos et al. 2022). Depending on biomass 

type, pretreatment methods, and further processing from plant biomass it is possible to 

obtain hydrocarbons starting from methane up to high molecular condensed polyaromatics 

(tars), lower alcohols (methanol, methanol, butanol and others), hydrogen, and other 

substances, which can be used for energy production as well as for other purposes (Zhu et 

al. 2020; Ashokkumar et al. 2022).  

Applicability of plant biomass processing into liquid or gaseous biofuel has been 

demonstrated in several cases using invasive plant biomass. Eastern redcedar (Juniperus 

virginiana) fast pyrolysis has been successfully used to produce gasoline and diesel and 

the production costs, and analysis of possible prices of products indicate that the conversion 

of invasive biomass into biofuel is economically feasible (Ramli and Epplin 2017). Also, 

invasive aquatic plants have been evaluated as a source of plant-based biofuel (Kaur et al 

2019). As a result, this research provides a thorough analysis of the physicochemical 

characteristics of aquatic plants and their potential for biofuel generation as well as 

demonstrates possibilities to use various invasive aquatic plants to produce biofuel. The 

strategies for producing biofuel from aquatic plants that are practical for future energy 

production have also been presented (Alam et al. 2021). Several varieties of floating 

aquatic plants— Azolla filiculoides , Salvinia molesta, Eichhornia crassipes, Lemna minor 

and others—as well as the biofuel production processes associated with them—

transesterification, pyrolysis, hydrolysis, and torrefaction—have been examined. The 

optimal biofuel production conditions for aquatic plants and their improvement techniques 

are also evaluated in the same paper (Alam et al. 2021). The qualities of conventional 

gasoline and aquatic biofuel are also examined. Findings indicate that compared to other 

aquatic plants, azolla (Azolla filiculoides) and water fern (Salvinia molesta) are superior 

aquatic plants that can generate high-quality (comparable to diesel) biofuels (Koley et al. 

2023). This is based on calorific value and viscosity. Production of biofuel from aquatic 

plants including water fern, water lettuce, and duckweed is another less concentrated 

energy source. By employing sustainable methods to produce biofuel from aquatic plants, 

the expense of removing invasive aquatic plants from water can be turned into an 

investment (Koley et al. 2023). 

One of the highest risks of the management strategy to control invasive plant spread 

is related to the germination of their seeds and conservation of germination possibility of 

seeds as well as of vegetative spread risks. A study of water hyacinth (Eichhornia 

crassipes) seeds survival demonstrates that the utilization of plant biomass using 

composting or biogas production is not completely safe, as a high proportion of seed 

survival was observed (Pérez et al. 2015).   

Invasive plants abundant in Central and Eastern Europe (Reynoutria, Solidago, and 

Spiraea species) have been tested concerning the possibilities of using them as a raw 

material for the production of second-generation biofuel – bioethanol. Pre-treatment of 

plant biomass (alkaline hydrolysis with 1% sodium hydroxide) followed by simultaneous 

saccharification and fermentation provides possibilities to obtain bioethanol with a yield 

of 2.6 m3 per hectare in the case of Reynoutria bohemica biomass. Thus, convincingly both 
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environmental and economic benefits are demonstrated. Still, as a problem can be 

considered, there is a need for further optimization of technological processes and safe 

transportation strategies to exclude accidental spread of invasive species (Wiatrowska et 

al. 2022). Also, Sosnowsky’s hogweed has been utilized to produce biofuel from it and 

technology for processing plants into ethanol is elaborated. At the same time, it is important 

to create a closed production line to prevent the uncontrolled spread of hogweed seeds and 

exclude risks from skin burns (Mezentsev 2023). 

The need for safe utilization of invasive plant biomass is considered a tool of 

ecosystem service restoration. Many aquatic invasive plants (for example, Phalaris 

arundinacea, Phragmites australis, Typha) have a damaging impact on ecosystem services 

and thus their eradication can help not only restore natural habitats, restore biological 

diversity, but also reverse eutrophication. As it has been studied in the example of coastal 

wetlands of Lake Ontario, a single growing season’s biomass of these invasive plants can 

reach 659,545 metric tons and removal of plant biomass means also removal of 10,805 and 

1,144 tons of nitrogen and phosphorus, respectively (Carson et al. 2018). Other benefits, 

such as potential energy yield resulting from harvesting of plant biomass have been 

modelled including the costs (e.g., harvesting, transportation, drying and condensing), as 

well as the ecosystem service benefits (e.g., biodiversity recovery, nutrient pollution 

abatement, greenhouse gas reductions) to demonstrate the need of holistic approach in 

respect to methods of invasive plant eradication covering the economic, ecological, and 

societal value management.    

In China invasive plants have been considered as highly prospective feedstock for 

biogas production, and co-fermentation technology has been proposed as a tool to increase 

the biogas production efficiency of mixtures to convert plant biomass into valuable 

resources. Invasive plant use for biogas production has been considered as a utilization of 

plant biomass energy and as a tool to control invasive plant spread (Rezania et al. 2015). 

Aquatic and terrestrial invasive plants (Eichhornia crassipes, Spartina alterniflora, 

Alternanthera philoxeroides, Eupatorium adenophorum) have been used applying co-

fermentation for biogas production. Co-fermentation of invasive plants and livestock 

manure has been used as a tool to increase the transformation efficiency of biomass energy 

and increase biogas production efficiency. The main benefits of invasive plant use include 

rapid growth and proliferation and high biomass as well as low growth environmental 

requirements, low investment costs, no competition for land for food production, and no 

competition with humans and livestock for food (Lu and Gao 2021). Evaluation of the 

potential to use Spartina alterniflora as bioenergy feedstock demonstrated that in China 

alone the annual biomass of this plant reaches 2.53 Mt, producing 39 PJ bioenergy, 

equivalent to that of 1.33 Mt of standard coal (Lu and Zhang 2013). 

Invasive species, common in Europe (Reynoutria japonica, Heracleum 

mantegazzianum, Impatiens glandulifera, and Solidago gigantea) were used for biogas 

production. Using anaerobic digestion methane concentration was 50%, which is similar 

for commonly used biomass range (48 to 65%) for energy crops. Non-catalytic and 

catalytic pyrolysis of invasive Pennisetum purpureum grass produced biochar, bio-oil, and 

syngas (Reza et al. 2023). Invasive Cortaderia selloana has been using conventional and 

flash pyrolysis to obtain gas with a heating value of 17 MJ/kg with high CO, CH4, and H2  

concentrations as well as bio-oil with a yield of 33.58% and heating value 22.74 to 29.12 

MJ/kg The obtained pyrolysis bio-oils composition was dominated by nonaromatic and 

monoaromatic hydrocarbons while bio-oils from flash pyrolysis were composed mainly of 

polycyclic aromatic hydrocarbons (Pérez et al. 2021). 
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INVASIVE PLANTS AS A SOURCE OF BIOLOGICALLY ACTIVE 
SUBSTANCES  
 

Safe utilization of biomass of invasive plants can be achieved not only by using 

them for energy production but also by processing of biomass and isolating biochemical 

components of plants. Plant biomass processing can contribute to sustainable management, 

because biologically active, nutritionally valuable substances can be found in most invasive 

plants. Several studies have demonstrated that many invasive plants have high nutritional 

value and have significant potential to recover biologically active compounds present in 

their composition (Peter et al. 2021). Several reviews have been dedicated to 

phytochemistry, ethnomedical, and pharmacological applications of invasive plants, for 

example, European goldenrod (Solidago virgaurea) and Sosnowsky’s hogweed (Fursenco 

et al. 2020; Andreeva 2020). Many invasive plants in the regions where they are native are 

used in ethnomedicine. For example, Reynoutria species are included in Chinese, Japanese, 

and Korean traditional pharmacopoeia (Nawrot-Hadzik et al. 2018), Solidago species 

flowers traditionally by indigenous people of North America have been used for the 

coloration of fibers (Budzianowski et al. 2021), and Sosnowsky’s hogweed fresh sprouts 

are used in cooking (Matarrese and Renna 2023). Thus, the invasive plants in regions where 

they have been growing traditionally have found many applications and probably their use 

limited their spread. However, when these plants have been introduced or have been 

transferred to regions where their application potential is not known, they are considered 

only as a nuisance. Another problem related to eradication and management problems of 

invasive plants is related to limited knowledge of their phytochemical composition, as the 

number of studies of the majority of invasive plants is relatively scarce.  

Thus, to develop invasive plant management and eradication strategies it is 

important to know: 1) the usage of invasive plants in regions where they are native; 2) the 

phytochemical composition of these plants. 

Another aspect influencing interest in the phytochemical composition of invasive 

plants is related to their high competitiveness with respect to other plants: high stability for 

stress (drought, salinity, UV radiation and others), competitiveness in respect to other plant 

species, and ability to outcompete native plant species, forming dense populations (Zhu et 

al. 2021). In many invasive plants substances with allelochemical properties have been 

found, and such substances can suppress the growth of other plants, thus contributing to 

the ability to invade territories, occupied by other plants (Thiébaut et al. 2019; Kalisz et al. 

2021). For example, extracts of the invasive plant Chromolaena odorata inhibited the 

germination, and growth of other plants and responsible for this allelopathic properties are 

pyrrolizidine alkaloids as well as flavonoids, phenolic acids, and terpenoids were also 

found in this plant (Kato-Noguchi and Kato 2023). Hence, understanding why invasive 

plants outcompete other plants can be of importance in developing plant eradication 

strategies. 

 

Polyphenols of Invasive Plants 
Polyphenols are a widespread group of substances found in higher vegetation 

(Quideau et al. 2011). Polyphenols are secondary metabolites of plants, participate in the 

chemical defense reactions of plants against stress, and predators and thus have antioxidant 

activities (Bhattacharya et al. 2010). Polyphenols have at least one benzene unit substituted 

with one or more hydroxyl groups as well as other substituents. Polyphenols can be divided 

into several classes: 1) phenolic acids (hydroxybenzoic acids and hydroxycinnamic acids), 
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2) flavonoids (flavonols, flavones, flavanols, flavanones, isoflavones, proanthocyanidins), 

3) stilbenes, 4) lignans (Singla et al. 2019).  

Polyphenols are the most studied group of substances in invasive plants (Peter et 

al. 2021). For polyphenol isolation extraction with lower aqueous alcohols (methanol, 

ethanol, etc.) as well as acetone and similar solvents have been used, and often acidification 

of solvents has been done, to stabilize structures of polyphenols (Radusiene et al. 2015). 

Recently intensive extraction methods have been tested for polyphenol isolation 

(Kraujalienė et al. 2017). For the characterization of polyphenol extracts’ total phenol 

concentration, radical scavenging activities have been analyzed as well as individual 

polyphenols were identified using liquid chromatography with different detection methods. 

Searches of polyphenols at first were done in invasive plants with known ethnopharma-

cological applications. 

Different extraction methods have been used to study polyphenols from invasive 

plants. Besides traditional, solvent-based extraction recent extraction with supercritical 

carbon dioxide and pressurized liquid extraction has been used to obtain polyphenolics (10 

phenolics were identified) as well as lipids from Solidago virgaurea (Kraujalienė et al. 

2017). From native, invasive, and hybrid Solidago species, a number of phenolic acids and 

flavonoids were isolated (Marksa et al. 2020). Chlorogenic acid and 3,5-dicaffeoylquinic 

acid are among the phenolics influencing the radical scavenging activities of Solidago 

species.  

Using extraction with ethanol, methanol, acetone, water, and mixtures of organic 

solvents from Solidago canadensis and Solidago gigantea flavonoids and phenolic acids 

were isolated. In extracts chlorogenic acid, rutin, hyperoside as well as glycosides of 

isoquercetin, kaempferol, isorhamnetin, and quercetin were found (Zekič et al. 2020).  

In regions of its native growth, invasive Carpobrotus edulis is used in traditional 

medicine (Mudimba et al. 2019; Akinyede et al. 2020). It has high concentrations of 

polyphenolics (total polyphenolics concentration 273 mg gallic acid equivalents (GAE)/g 

DW. C. edulis extracts contain a high diversity of polyphenolics such as phenolic acids, 

flavonoids, and coumarins, specifically coumaric acid, uvaol, vanillin, kaempferol-O-

(rhamnosyl) hexosylhexoside, azelaic acid, and emodin, supporting applications of C. 

edulis fruits in food, cosmetics, agriculture, and pharmaceuticals (Castaneda-Loaiza et al. 

2020). In another study luteolin-7-O-glucoside, salicylic and coumaric acids have been 

found in extracts supporting their anti-inflammatory properties application and strong 

radical scavenging activities (Pereira et al. 2023) as well as potential use of the C. edulis 

extracts against vitiligo (Trigui et al. 2023). The anticancer activity of C. edulis extracts 

has been mentioned (Fakudze et al. 2023). 

Invasive plants can be a rich source of biologically active substances with potential 

applications in medicine, pharmacology, veterinary as food supplements and other fields. 

An example of invasive plants as a source of biologically active substances is the extraction 

of resveratrol and its glucoside from rhizomes of Reynoutria japonica (Kanda et al. 2021) 

or other knotweed varieties (Cucu et al. 2021). Resveratrol and its glycoside have high 

antioxidant activity and demonstrate antimutagenic activity, inhibit angiogenesis, and have 

an antiobesity effect (De La Lastra and Villegas 2005). Dimethyl ether resveratrol and 

piceid were obtained with a yield of 0.342 and 2.57 mg/g, respectively, thus suggesting 

Reynoutria japonica as a prospective source of these compounds. In extracts of Reynoutria 

japonica, derivatives of anthranoids (emodine and its glucosides, 8-hydroxylamine) (Fig. 

2) have been identified (Jo et al. 2013). 
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Fig. 2. Structures of polyphenols (resveratrol, emodin) and their glucosides (resveratroloside, 
emodin-1-O-β-glycopyranoside) found in extracts of rhizomes of Reynoutria japonica 

 

As a part of the plant where the highest concentrations of polyphenols have been 

found, Reynoutria japonica rhizomes were identified (Cai et al. 2023). However, 

differences between species of plants of Reynoutria and plant parts have been 

demonstrated, suggesting use for food supplements and nutraceuticals production. It was 

found that Reynoutria leaves have the best potential food additives for health, due to high 

concentrations of polyphenols and triterpenoids, while at the same time high concentrations 

of stilbenes and polyphenolics in roots can be used to produce extracts for application in 

medical, pharmaceutical, and cosmetic industries (Lachowicz and Oszmiański 2019). The 

presence of biologically active substances has been found to be common also for other 

species of the same genus and antiaging, antioxidation, anti-inflammatory, anticancer, anti-

hyperlipidemia, anti-hepatic fibrosis, and activity of extracts have been demonstrated 

(Song et al. 2019; Yang, and Kang 2020; Cai et al. 2023). In Reynoutria japonica rhizomes, 

high stilbene concentrations have been found (Alperth et al. 2021). Considering high 

concentrations of biologically active polyphenols in Reynoutria rhizomes, extraction and 

purification methods of pilot scale and industrial significance have been proposed (Beňová 

et al. 2010; Hren et al. 2023). Extraction of resveratrol and piceid from Reynoutria 

japonica rhizomes using dimethyl ether as the extrahent also is prospective for industrial-

scale production of antioxidants from an invasive plant (Kanda et al. 2021). 

Another aspect of the presence of polyphenols as well as other biologically active 

substances in Reynoutria species is an allelopathic activity of the plant: the ability to 

suppress other, especially native species (Mikulic-Petkovsek et al. 2022). The allelopathic 

effect of the Reynoutria extracts has been demonstrated in seed germination and growth 

tests (aqueous extracts of knotweed resulted in 38 to 48% lower seed germination and 

reduced growth of shoots and roots). Another study demonstrated the allelopathic effect of 
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methanolic extracts in radish seed germination (Šoln et al. 2022). Allelopathic impacts are 

related not only to other plants but also to the surrounding environment as such, for 

example, Reynoutria japonica reduces soil microbial community biomass, thus indirectly 

affecting soil fertility (Stefanowicz et al. 2021). The effects on soil biota caused invasive 

plants thus may have implications if the restoration of invaded areas is planned 

(Stefanowicz et al. 2022). Invasion of Reynoutria species reduced also arbuscular 

mycorrhizal fungi spore number, species richness, and biomass (Zubek et al. 2022). Also, 

Solidago canadensis extracts inhibited the germination of rapeseed and ryegrass seeds, thus 

demonstrating the advantage of invasive plants through the inhibitory activity on 

germination of native plant seeds (Baležentienė 2015). 

  

 
 

Fig. 3. Polyphenols found in Solidago virgaurea and Solidago canadensis   

 

Also, black locust (Robinia pseudoacacia), an invasive tree, is a rich source of 

polyphenols and flavanols (catechin), flavonols (kaempferol glucuronyl rhamnosyl 

hexosides), as well as flavones, ellagitannins (luteolin dirhamnosyl hexosides and 

vescalagin), which have been identified in the plant extracts (Uzelac et al. 2023). In 

invasive plants, Ambrosia artemisiifolia and Solidago canadensis several polyphenols 

(Fig. 3) have been found: 5-O-caffeoylquinic acid, 3,5-dicafeoylquinic acids, and 

quercitrin with significant antioxidant activity and ability to inhibit lipase (Quinty et al. 

2023). Thus, extracts of these plants are prospective to mitigate pathologies arising from 
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oxidative stress, for example, obesity. Ethanolic extracts of Solidago canadensis contain 

hydroxycinnamic, cichoric, caffeic, chlorogenic, quinic, and ferulic acids (Suleymanova et 

al. 2019). 

 

 
 

Fig. 4. Representative flavonoids from Solidago virgaurea  

  

In Solidago canadensis and Solidago gigantea, quercetin glycosides and 

kaempferol rutinosides as well as over 20 diterpenoids were found (Fig. 4, 5); these are 

responsible for the inhibition of chemical mutagenesis thus indicating the chemopreventive 

potential of plant extracts (Woźniak et al. 2018). 

B-type proanthocyanidins have been found in the leaves of Japanese knotweed 

and other varieties of knotweed (Bensa et al. 2020). All studied species contained (−)-

epicatechin and procyanidin B2, while (+)-catechin was found only in Bohemian and giant 

knotweed. Concentrations of proanthocyanidins in Japanese, Bohemian and giant 
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knotweed were found to be from 0.84 kg/t up to 2.36 kg/t DW; thus, biomass of knotweeds 

can be considered as a source of procyanidins of industrial interest (Bensa et al. 2020). 

From biowaste obtained after eradication of Tradescantia fluminensis phenolic 

acids as well as flavonoids (sinapic acid, ferulic acid and others) were isolated (Míguez et 

al. 2022). 

 

 
 

Fig. 5. Polyphenols found in Solidago virgaurea  

 

Lipids, Alkaloids, and Other Biologically Active Substances in Invasive 
Plants 

Invasive plants, just like other species of higher vegetation, have many groups of 

substances providing their defense potential against predators, allelochemicals, substances 

participating in metabolic regulation processes, and others. Amongst substances of interest 

for bioeconomy are lipids, alkaloids, carbohydrates, plant fibers, essential oils, and other 

groups of substances.  

Essential oils can be used in medicine and healthcare, as food supplements due to 

their antimicrobial, antioxidant, insecticidal, or phytotoxic activities.  In S. canadensis 

essential oil, 32 substances have been identified, and in the highest concentrations, 

germacrene D, limonene, α-pinene, β-elemene, and bornyl acetate have been found 

(Elshafie et al. 2019). In another study, several terpenes (Fig. 6) in essential oils isolated 

from S. virgaurea have been identified (Radušienė et al. 2022). Essential oils of S. 

canadensis demonstrated antimicrobial activities and thus are promising for use in 

therapies and health care (Baranová et al. 2022). Also, essential oils have repellent 

activities against aphids (Baranová et al. 2023).  

In essential oils of Solidago inflorescences dominate monoterpene hydrocarbons, 

oxygenated sesquiterpenes as well as oxygenated monoterpenes and sesquiterpene 

hydrocarbons. As dominant substances α-pinene, bornyl acetate, spathulenol, 

isospathulenol, and caryophyllene oxide have been found. In leaves of studied Solidago o-

cymene, β-cubebene, trans-pinocarveol, cis-verbenol, trans-verbenol, and γ-muurolene 

were found (Radušienė et al. 2022). 
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Different Solidago species contain significant amounts of lipids. In Solidago 

canadensis, the oil contents were 5.1% dry-weight plant material. Amongst them, saturated 

fatty, monounsaturated, and polyunsaturated fatty acids were found as dominant, but 

altogether 20 fatty acids were identified, dominated by four acids (linoleic acid, oleic acid, 

palmitic acid, linolenic acid) (Shelepova et al. 2019) 

Biorefining of goldenrod (S. virgaurea) with differing polarity solvents (Fig. 6) 

produced a group of lipids with α-tocopherol as a main component (61.4 to 134 µg/g) 

(Kraujalienė et al. 2017). Also, possibilities to use S. gigantea. as a source of fatty acids 

have been studied using supercritical carbon dioxide extraction. Optimization of 

supercritical carbon dioxide extraction conditions provided possibilities to obtain a high 

yield of lipid fraction – 273 mg/g DM with fatty acid methyl esters as the main product 

demonstrating possibilities of the transfer of the extraction process to industrial scale 

(Wrona et al. 2019).  

 

 
 

Fig. 6. Terpenes from Solidago virgaurea 

 

Important lipid groups are waxes participating in defense against predators, 

drought stress, UV radiation and other impacts. Leaf epicuticular wax of the Reynoutria 

japonica consists of C16−C33 n-alkanes (up to 48.1% of the total wax mass), C9−C22 free 

fatty acids (Li and Ishikawa 2006). 
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Fig. 7. Carotenoids found in green leaves of (Reynoutria japonica) and (Reynoutria bohemica) 

 

Japanese and Bohemian knotweeds contain 11 carotenoids (Fig. 7) in their green 

leaves. The total carotenoid content was found as 378 and 260 mg of lutein equivalent /100 

g dry weight – values which are comparable to carotenoid-rich foods. Thus, green leaves 

of knotweeds can be considered as a valuable and sustainable natural source of carotenoids. 

In another study, lutein was found in knotweed leaves (Metličar and Albreht 2022). 

An important group of biologically active substances are alkaloids, which are 

usually participating in the defense of plants against predators and infections. Many 

invasive plants contain high concentrations of alkaloids and an example of the significance 

of this group of substances is Lupin species (Khan et al. 2015; Magalhães et al. 2017). In 

different species of Lupine quinolizidine, indole and piperidine classes of alkaloids were 

identified, and their concentration reached up to 0.5 g alkaloids/kg, DW. In the seeds of 

Lupin albus as the main alkaloids (Fig. 8) lupanin, hydroxyaphylline, albine, and 

multiflorine as well as sparteine, albine, and anagraine were found (Pereira et al. 2022). 

Alkaloids are responsible for the anti-inflammatory and antioxidant potential of Lupine 

extracts. The presence of alkaloids in Lupin is of importance considering the possible 

consumption of Lupin seeds, flours, and Lupin-containing food (de Cortes Sánchez et al. 

2005; Reinhard et al. 2006; Resta et al. 2008). Alkaloids are a common component of 

invasive plants and this paper deals with the isolation of alkaloids, for example, in Solidago 

canadensis structural elucidation mannopyranosides of indole alkaloids have been isolated 

as substances responsible for analgesic and anti-inflammatory activities of a plant (Li et al. 

2009). 
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Fig. 8. Main alkaloids in seeds of Lupinus albus 

 

Recently, quinolizidine alkaloids have been found in Ulex europaeus, a plant 

invasive in Chilean ecosystems (López-Rodríguez et al. 2023). In the shrub Senecio 

pterophorus invasive in Australia and Europe, a number of pyrrolizidine alkaloids have 

been found (Castells et al. 2014). A number of alkaloids have been found in aquatic 

invasive plants (Boppré and Colegate 2015). 

 

 

OTHER APPLICATIONS OF INVASIVE PLANTS  
 

Several invasive plant inflorescences, other parts, and rhizomes contain pigments 

that can be used for the coloration of fibers, paper, and other materials. For example, the 

orange extract of the Japanese knotweed rhizome has been used as a natural dye for screen 

printing inks. Study results confirmed the usefulness of the Japanese knotweed rhizome 

dye for printing, as intensive colors can be obtained, and the dye is resistant to fading 

(Klančnik 2021a). The dye obtained from the petals of the invasive plant Impatiens 

glandulifera (Himalayan balsam) has been used for screen printing on substrates such as 

woven fabrics, papers and other, recycled fibers (Klančnik 2021b). Solidago canadensis 

extracts also were used as concentrated solid plant dye and tested in standard dyeing 

experiments. The quality of coloring and color depth was found to be comparable with 

other plant extracts used for the colouring of natural fibers (Leitner et al. 2012). The roots 

of Japanese barberry (Berberis thunbergii), wineberry (Rubus phoenicolasius), oriental 

bittersweet (Celastrus orbiculatus) have been used as dyes, and the antimicrobial 

properties of colored fibers were tested (Flax et al. 2022).  

Recently, invasive plant extracts have been source material for the synthesis of bio-

nanoparticles (Nguyen et al. 2023). Several studies of invasive plant-mediated bio-

nanoparticles have demonstrated excellent antibacterial, antifungal, anticancer, and 

antioxidant activities thus revealing new areas of invasive plant applications.  

Japanese knotweed stems have been tested with respect to their mechanical 

properties and possibilities to use them for lightweight sandwich panels and other 

composite applications (Wunsch et al. 2022). Knotweed, goldenrod, and other invasive 

plant species have been studied as raw materials for papermaking, cooking, and textile 

production (Vrabič-Brodnjak and Možina 2022). 
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CONCLUSIONS: STRATEGIES FOR SUSTAINABLE MANAGEMENT OF 
INVASIVE PLANTS AS A RESOURCE FOR BIOECONOMY 
 

Invasive plants worldwide are considered as one of the significant environmental 

problems, requiring actions to limit their spread. The character and significance of the plant 

invasion problem thus require actions to be taken to achieve progress in the management 

of invasive plants. At the same time, it is evident that the aims of invasive plant spread 

management will be more difficult to achieve without solving two problems: 1) in-depth 

knowledge of invasive plant phytochemistry and understanding of plant properties behind 

their invasiveness; 2) elaborating of invasive plant safe utilization methods, considering 

plant biomass as a resource. Innovation in invasive plant studies and their utilization 

methods is needed to advance understanding of their properties and develop economically 

rational processing approaches. 

 

 

 
 

Fig. 9. Invasive plant biomass processing solutions according to bio-based value pyramid (after 
Davis et al. 2017, Stegmann et al. 2020) 

 

A high number of studies on invasive plant phytochemistry reveal the high 

application potential of their biomass obtained after plant removal. The exploitation of 

invasive plant biomass for the production of energy, high-value-added products, and 

materials for diverse applications should consequently promote their management and 

eradication. In the development of invasive plant biomass utilization strategies, the bio-

based value pyramid (Fig. 9) and the waste hierarchy should be considered. Many plants 

are producing high biomass and no valuable substances in their composition have been 

found thus biomass of such plants preferably can be processed to produce energy, fibers or 

materials for construction. On the other hand, plants with high concentrations of 

biologically active substances can be processed into value-added chemicals with 

application potential in food, cosmetics, pharmaceuticals and other high-added-value 

products. Of significance are also volumes of biomass produced, seasonal production 
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character as well as possibilities to integrate invasive plant biomass processing into existing 

production lines. In general, invasive plant biomass has value and it cannot be wasted if 

we consider them as raw materials for use in the bioeconomy as these plants can be used 

to produce all kinds of biomass-derived products. 

Already, pilot-scale production of active added-value extracts from invasive plants 

is elaborated and tested (Hren et al. 2023), and obtained results demonstrate possibilities 

of pilot-scale production of invasive plant extracts.  

The decision of which control method to use depends heavily on the growth forms 

of invasive plant species, the local economic situation at restoration sites, and the resources 

available for control (Lindenmayer et al. 2015). Scientific sound strategies of invasive 

plant management will not only contribute to their spread limitation but also eradication 

by providing economic benefits. The success of invasive plant combatting efficiency will 

depend on invaded plant biomass, species, already existing biomass processing capacities, 

plants, technologies, and knowledge, but also on the identification of new application areas 

in the biomedicine, food industries, energy production, and other areas. 
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