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Soil disturbance as a result of military action can range from a short-term reduction in fertility to complete destruction of the
soil. A special problem is the restoration of agricultural soils. The most promising way to solve this issue is to use phytoextraction
and phytostabilization methods, especially those that combine remediation measures with simultaneous economic benefits. Re-
cently, among phytoextraction strategies, preference has been given to growing plants that do not have the ability to hyperaccu-
mulate, but which, due to their rapid growth and the formation of a large biomass, can remove toxicants from the soil in large
quantities. The idea of combining the restoration of contaminated lands with the production of biomass for phytomining and
renewable energy is especially attractive. Phytostabilization strategies can be implemented using useful plants that do not accu-
mulate pollutants in the final raw material, for example, some agricultural, forage and pasture crops (Vicia villosa, Secale cereale,
Zea majus, Lupinus luteus, Festuca sp., Lolium perenne, etc.), energy crops (Spartina pectinata, Miscanthus sp., etc.), essential
oil plants (Menthaxpiperita, Melissa officinalis, Marrubium vulgare). The attention of scientists is also drawn to the search for
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promising soil additives and the study of their application rates in order to improve soil conditions and increase biomass yields.
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Introduction

In addition to its direct impact on humanity, military activity has a
significant impact on various ecological levels of the biosphere.
The extent of this impact on ecosystems depends on the type of
stimulation, the sensitivity of the biological system, its ability to re-
cover, and the duration of exposure. Soil disturbances caused by mili-
tary actions can be divided into three types: physical, chemical and
biological. Physical disturbances include soil compaction due to
heavy equipment and troop movements, construction of fortifications,
digging of trenches, formation of bomb craters, humus burning result-
ing in the formation of sintered soil particles because of explosions,
etc. Chemical contamination includes contamination with substances
such as petroleum, heavy metals, nitroaromatic explosives, organo-
phosphorus nerve agents, dioxins, or radioactive elements. Biological
disturbances are unintended consequences of impacts on the physical
and chemical properties of the soil (for example, annihilation of
plants, damage to the root system, death of symbictic and soil micro-
organisms) or the deliberate introduction of microorganisms that are
lethal to animals and humans (Certini et al., 2013). According to
preliminary estimates, as of today, more than 180 thousand square
kilometers of territory in Ukraine have been contaminated as a result
of military actions (Tykhenko et al., 2025). Therefore, the search for
effective technologies for cleaning up contaminated lands in the post-
war period is becoming increasingly important. International experience
can help solve this issue. According to Stadler et al. (2022), interest in
this topic is high, with over 250 new publications appearing annually.
Most research focuses on heavy metal and organic pollution, the
effects of soil pollution in food chains, and land reclamation.

There are various approaches to reclaiming disturbed lands. If ef-
fective restoration is impossible, contaminated areas are conserved.
In cases where restoration of biodiversity and hydrological conditions
is possible, the creation of natural conservation reserves may be a
solution. Another option is to use disturbed lands to create urban rec-
reational areas: parks, squares, artificial forests, and tourist areas.
Agricultural reclamation, which involves restoring disturbed lands to
a condition suitable for agricultural activities, is the most complicated.
Soil remediation can be accomplished using technical or biological te-
chnologies. However, integrated approaches are typically employed.

For example, a number of authors (Fayiga, 2018; Celin et al., 2020;
Fernandez-Lopez et al., 2024) report that not only technical methods
(chemical leaching, hydrolysis, stabilization phatolysis, electrokinetic
remediation, etc.) but also soil bioremediation technologies are being
used in post-war areas. Pollutant immobilization is also carried out
using soil additives, which increase the effectiveness of toxicant stabi-
lization (Fayiga, 2018). Although bioremediation has received con-
siderable attention, a number of factors hinder its large-scale applica-
tion. For example, in the case of using microorganisms to clean up
soils from oil products and other organic pollutants, many field exper-
iments report that not all factors are adequately controlled and ana-
lyzed. Moreover, a wide range of microorganisms and metabolites
with deactivating properties have not been well studied (Sales da Sil-
va et al., 2020). Similar difficulties arise when applying phytoremedi-
ation methods. Despite the extensive list of plants whose ability to ac-
cumulate or stabilize pollutants has been demonstrated in laboratory
or microfield experiments, their practical application is often restricted
or even impossible due to a number of limiting climatic, soil, and
other factors (Arthur et al., 2005; Surriya et al., 2015). Despite the
shortcomings of bioremediation methods, their application holds great
promise. Research into the mechanisms of toxicant removal from soil
and the interactions between plants and microorganisms will facilitate
the expansion of bioremediation applications. A comprehensive ana-
lysis of these technologies can help select strategies appropriate to
specific environmental conditions.

Materials and methods

This review analyzes phytoremediation technologies that are pro-
mising for restoring agricultural land damaged by military action.
Published domestic and international studies in scientific databases of
electronic libraries were used for the review. Google Scholar and the
Google search engine were used for the search queries "land degrada-
tion," "soil pollution," "restoration of damaged soils," "recultivation,"”
"bioremediation,” “phytoremediation," “phytoextraction,” “phytosta-
bilization", "phytovolatization," and others. Based on the analysis of
the reviewed materials, the most promising approaches to the success-
ful restoration of agricultural land in the post-war period in Ukraine
are identified.
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Global and domestic experience in bioremediation
of disturbed agricultural lands. The influence of soil type
on the choice of remediation methods

Bioremediation is a complex of methods for cleaning soils and
waters using plants, algae, invertebrates and microorganisms (bacte-
ria, fungi). Bioremediation is safe for the environment; during its ap-
plication, unlike other methods, there is no secondary waste. Altho-
ugh biological remediation processes take a long time, these technolo-
gies have a gentle impact on the environment and do not lead to sig-
nificant changes in soil components. Another advantage of bioreme-
diation methods is their low cost. Bioremediation is most often used
to clean soils of heavy metals, radioactive elements, and petroleum
products (Aparicio et al., 2022; Song et al., 2022; Sanchez-Castro et
al., 2023).

Bioremediation can be accomplished in two different ways:

1) ex situ bioremediation involves removing contaminated soil
and transporting it to specialized sites for subsequent treatment. After
washing, extracting toxicants through land farming, biocomposting,
or fermentation in bioreactors with the addition of nutrients, the soil is
returned to its original location and reclamation work is carried out.
This strategy is most often used to clean up soil heavily contaminated
with petroleum products and other organic compounds (Koul &
Taak, 2018; Pirog et al., 2018; Li et al., 2022). Although some ex situ
bioremediation methods are quite expensive, they are highly effective,
reducing toxicant concentrations in the soil by 90-99%;

2) in situ bioremediation involves cleaning the soil directly at the
site of contamination, which can significantly reduce the cost of the
work. For contamination by petroleum products, volatile, and semi-
light organic compounds, biostimulation technologies are most often
used, that involve activating natural microflora (methods such as
bioventilation, biobubbling, and vacuum biopumping), or biocaugmen-
tation methods, that is, the introduction of microbiological destructor
preparations that have a specialized effect on specific pollutants (Gos-
wami et al., 2018; Ma et al., 2022). Phytoremediation technologies
using vascular plants are more successful in cleaning soils from heavy
metals (Ali et al., 2013; Shen et al., 2022).

The choice of soil remediation strategy depends on several fac-
tors: the degree of contamination, the forms and types of toxicants,
and soil characteristics. For example, high soil cation exchange capa-
city, humus content, and amorphous inorganic material (e.g., ferrous
hydroxides) facilitate the absorption and accumulation of pollutants.
Through ion exchange and complexation, humic acids concentrate
heavy metals and radionuclides in soils and bottom sediments. Humi-
fied organic matter in soils also more effectively retains most organic
pollutants, especially those of a hydrophobic nature. Therefore, soils
enriched with organic matter more strongly bind and retain organic
toxicants and heavy metals (Holoubek et al., 2009; Zhang et al., 2013;
Durées et al., 2018).

The ratio of the clay fraction components in soils also matters.
Clays with high swelling capacity, such as montmorillonite and ver-
miculite, absorb more contaminants than clays with low swelling ca-
pacity (illite, kaolinite) (Yang-Guang et al., 2016). Soil pH is also an
important physicochemical parameter that controls the sorption and
desorption of ions in the soil. This parameter can significantly influ-
ence the mobility of heavy metal ions, causing them to be more or
less active and thus affecting the environmental hazard of a contami-
nated area (Kazlauskaité-Jadzevicé et al., 2014; Li et al., 2018; Kicin-
ska et al., 2022). In addition, the pH factor has a significant impact on
the dynamics and diversity of soil microbial populations, and on the me-
tabolic activity of microorganisms (Wang et al., 2019; Naz et al., 2022).

Phytoremediation of soils contaminated with heavy metals
and other pollutants

One of the ways to solve the problem of heavy metal soil contam-
ination caused during military operations is to use various methods
using plants or plant products to clean, restore, and stabilize contami-
nated land. Phytoremediation uses the ability of plants to absorb, ac-
cumulate, and decompose organic and inorganic substances. It is an
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effective and inexpensive way to reduce heavy metal concentrations
in various soil types.

One method for removing pollutants from soils using plants is
phytoextraction. It involves plants absorbing pollutants from the soil
and accumulating them in aboveground biomass, which is later uti-
lized. When selecting plants for phytoextraction, several factors must
be considered simultaneously: tolerance to high pollutant concentrati-
ons in the soil, rapid growth, the ability to actively transport toxicants
from the root system to the aboveground organs, and adaptability to
local soil and climatic conditions. It is clear that phytoextraction can
only be successful if the rate of absorption of heavy metals or other
toxicants by plants exceeds the rate of pollutant entry into the envi-
ronment (VVan Nevel et al., 2007; Robinson et al., 2015). Phytoextrac-
tion can be applied to extract metals (e.g. Ag, Cd, Co, Cr, Cu, Hg,
Mn, Mo, Ni, Pb, Zn), metalloids (e.g. As, Se), radionuclides (e.g. Sr,
181Cs, 2%U, 28U) and some non-metals (e.g. B) as they are generally
not subject to further degradation or alteration within the plant
(McGrath et al., 2002; Willey, & Collins, 2007; Yan et al., 2021).
Phytoextraction is generally not considered for organic pollutants
because plants can metabolize, alter, or volatilize them, thus prevent-
ing the accumulation of pollutants in the biomass.

Phytoextraction is accomplished using hyperaccumulator plants,
which are capable of actively absorbing pollutants from the soil and
rapidly transporting them from their roots to above-ground biomass.
Hyperaccumulation occurs through a combination of mechanisms:
1) bicactivation of metals in the rhizosphere through interactions
between roots and microorganisms. Chemical compounds found in
the rhizosphere are associated with increased metal uptake from the
soil and their transport to shoots. Low-molecular-weight organic acids
and amino acids are the most important exudates in natural phytoex-
traction systems. They influence metal uptake by forming complexes
with metal ions or by lowering the pH around the roots and altering
soil properties; 2) overexpression of transmembrane metal transport-
ers is thought to play a significant role in metal uptake, xylem load-
ing, and vacuole sequestration; 3) metal detoxification via apoplast
distribution, for example, cell wall binding and cytoplasmic metal
chelation with various ligands such as phytochelatins, metallothi-
oneins, and binding proteins (Yang et al., 2005; Sytar et al., 2021).

For plants to be classified as hyperaccumulators, they must be
able to maintain minimum threshold concentrations of an element in
tissues: 100 mg/kg for Cd, Se, and TI; 300 mg/kg for Cu, Co, and Cr;
1000 mg/kg for Ni, As, and Pb; and 3000 mg/kg for Zn. Additionally,
the bioconcentration (aboveground biomass/soil) and translocation
(aboveground biomass/roots) coefficients must be greater than one
(van der Ent et al., 2013; Egendorf et al., 2020). Although the total
number of hyperaccumulator plants in the world is quite large — over
500 species, the list of those that can be grown in a temperate climate
zone is much shorter. Table 1 shows the potential of some species of
phytoextractors that have prospects for application in Ukrainian con-
ditions. If hyperaccumulators have been registered and experimental-
ly confirmed for elements such as nickel, zinc, cadmium, manganese,
arsenic and selenium, then the hyperaccumulation of lead, copper, co-
balt, chromium, thallium and other elements still leaves many questi-
ons (van der Entet al., 2013).

Although hyperaccumulator plants can accumulate toxicants in
large quantities, their use often faces several obstacles. These plants
typically grow slowly and do not produce significant biomass. There-
fore, extracting elements from the soil takes a long time. This is espe-
cially problematic for the clearing of agricultural land, which, under
such conditions, is withdrawn from use for many years. Furthermore,
selecting the appropriate plant species that will thrive in specific cli-
matic conditions is also challenging.

In this regard, recent research has focused on plants that lack the
ability to hyperaccumulate but which, thanks to rapid growth and
high biomass production, are capable of removing toxicants from the
soil in large quantities. The idea of combining the restoration of con-
taminated lands with the production of biomass for phytomining and
renewable energy is particularly attractive (Van Ginneken et al., 2007;
Dang & Li, 2022; Rabbani et al., 2024).
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Table 1

The promises of some hyperaccumulator plants for temperate climate zone

) Accumulated Amount of eler_'nent in  Element uptake with
Plant name Lifeform aboveground biomass, annual harvest, References
element
mg/kg kg/ha
. _— Zn 8000-25000 125-250 Chaney et al., 2005; Banasova et al., 2008
Thiaspi caerulescens biennial 1000-4200 120 Chaney et al.. 2005; Banasova et al. 2008
. Ni 9000-20000 25-200 Li etal., 2003; Chaney et al., 2005; Bani et al., 2007
Alyssum murale semi-shrub Co 1300 - Lietal. 2003
Phytolacca americana perennial Mn 6500-32000 - Min et al., 2007; DeGroote et al., 2018
o . . Zn 6000-32000 upto 10 Schwartz et al., 2001; Zhao et al., 2006

Arabidopsis halleri perennial 4 230-1500 - Zhao et al., 2006; Ueno et al., 2008
Armeria maritima perennial Zn 6000 - Schwartz et al., 2001
Arrhenatherum elatius perennial Zn 6200 upto 10 Schwartz et al., 2001
Lolium perenne perennial Pb 2000 — Egendorf et al., 2020

. . Cd 250 — Wieshammer et al., 2007
Salix x smithiana ree Zn 3300 — Wieshammer et al., 2007
Leersia oryzoides perennial As 300 0.13 Ampiah-Bonney et al., 2007
Leersia hexandra perennial Cr 1844 - Liuetal., 2011
Mentha longifolia perennial Se 365 - Dhillon & Dhillon, 2009
Silene gallica annual Se 246 — Dhillon & Dhillon, 2009
Verbascum cinerariifolium  biennial Sr 105-149 - Sasmaz & Sasmaz, 2009
Linum usitatissimum annual Cu 250 — Saleem et al., 2020

Thus, experiments with willow (Salix) and poplar (Populus) in
areas contaminated with Cd, Cu, Ni, Zn, Cr, and Pb showed the suita-
bility of these plants for phytoextraction of these elements. Willows
had higher extraction efficiency than poplars. Despite lower biomass,
heavy metal extraction efficiency was best for willows due to higher
concentrations in the wood (Algreen et al., 2013). Salix alba and
S. viminalis have been shown to be able to extract several heavy me-
tals (Salam et al., 2019). It has been noted that the rate of Cd uptake
by willow (Salix) is higher compared to other trace elements (Dickin-
son & Pulford, 2005). Salix viminalis has also been noted as a promis-
ing tree for the remediation of oil-contaminated areas (Glibovytska et
al., 2019). Various hybrids of energy paulownia (Paulownia sp.) have
shown promise in the phytoextraction of Cu, Zn and Cd (Bahri et al.,
2015; Tzvetkova et al., 2015).

Experiments with Brassica juncea have shown the potential of
this plant for phytoextraction of several heavy metals. This plant is
able to accumulate large amounts of cobalt, lead and zinc in above-
ground biomass, and according to Saraswat & Rai (2009), also nickel.

The possibility of combining the cultivation of Brassica napus,
which is widely cultivated in Ukraine as an oilseed energy crop, with
phytoextraction of cadmium, lead and zinc on soils contaminated
with heavy metals has been noted (Grispen et al., 2006; Cojocaru
etal., 2016). This idea is most attractive in the light of the fact that the
toxic elements Cd and Pb almost do not accumulate in seeds, but
remain in residues. Therefore, oil extraction with subsequent produc-
tion of diesel biofuel is possible without stopping agricultural activi-
ties (Park et al., 2012; Cao et al., 2019).

In case of moderate contamination of agricultural lands, sunflo-
wer (Helianthus annuus) can also be considered as a dual-purpose
plant. It is known that its above-ground biomass is able to accumulate
Zn, Cu, Pb, and Ni without significant accumulation in the seeds
(Shuliak et al., 2022; Tkachuk et al., 2024). After harvesting the
seeds, the biomass can be used for ethanol production, and the resi-
dues can be safely disposed of (Dhiman et al., 2017). Although it
takes 55-207 cycles of sunflower cultivation to return the contami-
nated area to arable land (K6tschau et al., 2014), sequential reclama-
tion with simultaneous cultivation of biofuel crops is possible without
compromising food production. It is reported that cadmium can ac-
tively accumulate in sunflower seeds (Angelova et al., 2004; Shuliak
et al., 2022). Therefore, when soils are contaminated with this ele-
ment, growing sunflower as an oilseed crop is impossible.

In recent years, the energy potential of Miscanthus sp. has been
actively studied in various climatic conditions, including in Ukraine.
When considering this plant from the perspective of phytoremedia-
tion, most researchers favour the use of Miscanthus for phytostabili-
zation due to the accumulation of pollutants primarily in the root
system (Nsanganwimana et al., 2015; Drazi¢ et al., 2017; Zhang et al.,

2023). However, there is evidence that Miscanthus is capable of ac-
cumulating zinc not only in the roots but also in the aboveground
biomass (Kocon et al., 2017). Based on their accumulation activity in
Miscanthus biomass, heavy metals can be ranked in the following
order (from highest to lowest): inc, lead, copper, nickel, and cadmi-
um. In general, more metals are extracted from sandy soils (Kocon et
al., 2017). Experiments with cultivating Miscanthus x giganteus on
soils taken from mining and former military sites contaminated with
As, Pb, Zn, Co, Ni, Cr, Cu, V, Mn, Srand U, as well as on soils artifi-
cially contaminated with Zn and Ph, showed that M. x giganteus was
an accumulator plant for two elements: Mn and Sr (Nurzhanova et al.,
2019). In the experiment on different types of technosols, a tendency
to accumulate in the aboveground biomass of lithium, cadmium
(mainly in leaves) and, especially, strontium was also noted; the bio-
logical mobility coefficients of these elements were from 1.2t0 2.9 in
stems and from 5.2 t0 9.7 in leaves (Kharytonov et al., 2023). Another
Ukrainian experiment, in which M. x giganteus was grown on three
soil types, showed that the accumulation of Pb, Cd, Zn, and Cu in the
aboveground plant mass varied depending on the soil type. The low-
est accumulation of heavy metals was observed on gray forest sails,
while the features of sod-podzolic soils contributed to increased con-
centrations of Cd, Zn, and Cu. The highest Pb content was recorded
when M. x giganteus was grown on black soils (Razanov et al., 2025).
A study by Romantschuk et al. (2024) on two energy crops, M.xgi-
ganteus and Phalaris arundinacea, found that they were capable of
accumulating both heavy metals and organic pollutants and petroleum
products. The content of mobile forms of heavy metals (Cr, Sh, Cd)
in the soil decreased by 10-40%, and petroleum products by 18-35%,
following the cultivation of energy crops.

Another promising energy crop for Ukraine (especially in arid re-
gions) is switchgrass (Panicum virgatum). Due to its simple cultiva-
tion techniques and high biomass production, it can be used in situ for
the phytoextraction of Zn, Mn, and Cu (Chen et al., 2012; Khar-
ytonov et al., 2025). This crop also actively accumulates chromium;
however, high concentrations of this element can be toxic and signifi-
cantly reduce biomass yield (Gomes et al., 2019). For regions with
more humid climate, Spartina pectinata can be suggested for cadmi-
um extraction (Pogrzeba et al., 2018). There is evidence that sorghum
(Sorghun bicolor) is also a good Cd extractor, especially on acidic
sandy loam soils (Wang et al., 2017; Perlein et al., 2021). Thus, there
is potential for the simultaneous use of energy crops for bioethanol or
biogas production and remediation.

Many questions remain regarding the disposal of biomass after
toxicant extraction. At the pre-treatment stage, composting, compac-
tion, and pyrolysis are considered the safest. For final disposal, incin-
eration (melting) is proposed as the most rational, cost-effective, and
environmentally friendly technology (Sas-Nowosielska et al., 2004;
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Syc et al., 2012). Recently, there has been an active search for effec-
tive methods to enhance the accumulation of heavy metals by plants
that are not hyperaccumulators. As is known, chelating chemicals,
such as ethylenediaminetetraacetic acid (EDTA) and its derivatives,
or organic fertilizers, increase the availability of heavy metals to plant
roots, thereby increasing the efficiency of phytoextraction. Thus, Kos
et al. (2003) noted that the use of EDTA promoted the accumulation
of Zn, Pb and Cd in some plant species, including agricultural ones:
Sinapis alba, Zea mays, Linum usitatissimum, Sorghum vulgare. It has
been proven that the addition of EDTA increases the absorption of
Cu, Zn, Mn, Pb and Cd by Brassica napus plants (Zaier et al., 2010;
Habiba et al., 2014). In experiments with sunflower, Sinegani & Kha-
lilikhah (2008) determined the optimal doses of 0.5 and 2 g EDTA/Kg
soil for phytoextraction of lead.

Despite the effectiveness of synthetic chelating agents, their use is
associated with certain risks. Their high mobility in soil and the per-
sistence of the chelate-heavy metal complex can lead to the transfer of
toxicants to uncontaminated areas. In addition, chelating chemicals
can lead to an excess of heavy metal uptake by plants and, thus, be-
come a factor of toxicity for the plant (Souza et al., 2013).

Natural low-molecular-weight organic acids (LMWOALS): citric,
oxalic, malic, acetic, etc., can serve as an alternative to synthetic che-
lating agents. Their molecules are capable of forming low- and medi-
um-stability complexes with metals. These compounds exhibit a high
rate of biodegradation in soil and do not cause negative effects (do
Nascimento et al., 2006; Souza et al., 2013; Gao, & Fu, 2023). Alt-
hough data on the effective use of LMWOAS to improve phytoextra-
ction are still insufficient, there are positive results from the use of or-
ganic acids in enhancing the absorption of heavy metals by plants
such as Zea majus, Amaranthus hypochondriacus, Celosia argentea,
and Brassica napus (Sabir et al., 2014; Yu et al., 2020; Stojanov et al.,
2024).

Also interesting are experiments with a combination of several
additives to improve phytoextraction. Thus, according to Brunetti
etal. (2011), the addition of composts from municipal solid waste and
a strain of Bacillus licheniformis enhanced the accumulation of Cu,
Pb, Zn, and especially Cr, by Brassica napus plants. In the experi-
ment of Gasco et al. (2019), the use of biochar from rabbit manure
prepared at temperatures of 450 °C and 600 °C had a similar effect on
the absorption of Co, Cr, Cd, Cu, Ni, Zn, Pb, and As.

Another approach to solving the phytoextraction problem is the
use of transgenic plants. Developing transgenic plants with enhanced
phytoremediation capacity requires a thorough study of the genetic
mechanisms and biochemistry of metal uptake, transport, and storage in
hyperaccumulator plants. Currently, many plant species are being studi-
ed to determine their usefulness for phytoextraction, particularly high-
biomass crops (Bhargava et al., 2012; Venegas-Rioseco et al., 2021).

In some cases, such as the remediation of soils with high humic
acid content (black soils), it is better to use phytostabilization methods
which involve reducing the mobility and bioavailability of pollutants
in the environment through physical or chemical action. It is very ef-
fective when rapid immobilization is required to conserve groundwa-
ter and surface water. The presence of plants also reduces soil erosion.
Requirements for stabilizer plants: the ability to develop a branched
and powerful root system; the ability to keep metal translocation from
roots to shoots at a low level; the ability to retain pollutants in the
roots or rhizosphere (exclusion mechanism) to limit spread along the
food chain. The main mechanism of phytostabilization is the comple-
xation of metal ions with root exudates or cell walls, as well as bind-
ing to metal-binding molecules (phytochelatins and metallothioneins),
and, finally, their sequestration in the root vacuole (Shackira & Pu-
thur, 2019).

Phytostabilization of contaminated soils can be accomplished in
two ways: using woody species or herbaceous plants. When using
woody species, two strategies are proposed: the use of trees in long
cycles (over 20 years), i.e., actual afforestation of the area; or the cul-
tivation of tree crops in short rotations (3-8 years) to produce feed-
stock for renewable energy. Although the selection of the most suita-
ble species for afforestation of contaminated lands remains a matter of
debate, there is positive data on the use of Quercus sp., Robinia pseu-
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doacacia, Betula pendula, Pinus sylvestris, Alnus sp., and other speci-
es for phytostabilization (Van Nevel et al., 2011; Luo et al., 2019; So-
zoniuk et al., 2020; Pietrzykowski et al., 2022; Chirila Babau et al.,
2024).

There are currently many more questions than answers regarding
the success of using energy trees for phytostabilization. For example,
for poplar and willow, it has been shown that the accumulation and
distribution of heavy metals in organs depends on genotype, age, soil
characteristics, and other environmental conditions (Hrki¢ Ili¢ et al.,
2020; Jr et al., 2020). Therefore, depending on various conditions, these
plants can act as extractors or stabilizers, complicating the choice of
phytoremediation strategy. For the arid steppe and forest-steppe regi-
ons of Ukraine, the use of energy trees may also be inappropriate due
to the mismatch between the needs of these plants and regional clima-
tic conditions.

For the restoration of agricultural lands contaminated by military
actions, the use of herbaceous plants, while simultaneously generating
economic benefits, appears more promising. In this case, phytostabili-
zation can be achieved through several strategies, such as:

1) growing agricultural crops that do not accumulate pollutants in
their above-ground mass;

2) creating pastures from grasses or forbs;

3) growing energy herbaceous plants;

4) growing perennial medicinal or essential oil plants.

In some cases of moderate pollution, agricultural land can contin-
ue to be used for its intended purpose after chemical stabilization of
the soil. For example, growing forage crops has great potential under
such conditions. There is positive experience with the use of annuals
Lolium multiflorum, Vicia villosa, Secale cereale, Lupinus luteus and
the perennial Trifolium pratense for the phytostabilization of cadmi-
um, lead, zinc, arsenic, and copper with the simultaneous production
of feed raw materials (Dary et al., 2010; Kim et al., 2018). Corn can
be useful for phytoremediation of areas contaminated with zinc and
copper, but it should not be used as a phytostabilizing crop on sail
contaminated with nickel because of its low tolerance to this element
(Korzeniowska et al., 2011).

If growing agricultural crops is not feasible, a strategy of creating
pastures from grasses or forbs can be used. There is data that Festuca
sp., Lolium perenne, Koeleria sp., Agrostis sp., and Trifolium sp.
accumulate heavy metals in their roots, so sowing such plant mixtures
can contribute to the phytostabilization of soils contaminated with Zn,
Cu, Cd, and Pb (Frérot et al., 2006; Bidar et al., 2007; Santibafiez
etal., 2008; Radziemska et al., 2017; Lebrun et al., 2021; Olefiska
etal., 2022). Aboveground biomass can be used for grazing and fora-
ge production. Intercropping with legumes improves the physical pro-
perties of disturbed soils and increases fertility. Furthermore, experi-
ments with Lupinus albus demonstrated its ability to increase the pH
of acidic sails, likely due to the release of citrate, which contributed to
a decrease in the soluble fractions of As and Cd in the soil (Vazquez
etal., 2006).

Another strategy for phytostabilization of contaminated arable
land is the establishment of energy crop plantations. Experiments with
Spartina pectinata revealed its ability to phytostabilize zinc. Although
to a lesser extent, it is also capable of stabilizing copper and nickel
(Korzeniowska & Stanislawska-Glubiak, 2015). Dry-stemmed sor-
ghum species have the potential for the phytostabilization of Cu and
Ni. Miscanthus is a good candidate for the phytostabilization of lead
(Pavel et al., 2014; Alasmary et al., 2021), as well as mercury (Zgore-
lec et al., 2020), chromium and arsenic (Kharytonov et al., 2023).
It was found that switchgrass doesn’t accumulate Co, Ni, Pb and Cd
in its aboveground biomass; that is why it is promising for the phyto-
stabilization of these elements (Kharytonov et al., 2025). It should be
taken into account that Miscanthus and switchgrass are extractors for
some elements and stabilizers for others. Therefore, in the case of
complex soil pollution, it is better to reorient the use of biomass to the
production of bioethanol instead of solid fuel.

Some essential oil plants can also be grown as an alternative to
food crops in soils contaminated with heavy metals because the pollu-
tants do not migrate into the essential oil (Pandey et al., 2019). It has
been proven that high levels of cadmium, copper and lead can reduce
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the yield of dill (Anethum graveolens) and basil (Ocimum basilicum),
and slightly reduce the menthol content in peppermint oil (Menthax
piperita), but none of these metals were detected in the essential oil of
these species (Zheljazkov et al., 2006). Similar results were obtained
in an experiment with Melissa officinalis, Marrubium vulgare and
Origanum heracleoticum grown in soils contaminated with zinc, lead,

Table 2

copper and cadmium. The metal content in teas prepared from these
species was negligible, and the essential oils did not contain any met-
als (Zheljazkov et al., 2008).

Brief information about the most promising useful plants for phy-
tostabilization of contaminated soils in Ukrainian conditions is pre-
sented in Table 2.

Useful plants that can be used for phytostabilization of contaminated soils in temperate climates

Plant name Lifeform Neutralized element Economic use References
Robinia pseudoacacia tree Pb, Cu, Zn, Cd woody, energetic, melliferous Luo etal., 2019; Chirila Babau et al., 2024
Quercus robur tree Cd woody, medicinal, melliferous Sozoniuk et al., 2020
Agrostis ssp. perennial As, Pb pasture, fodder Lebrunetal., 2021
Festuca arvernensis perennial Zn, Cd, Pb pasture, fodder Frérot et al., 2006
Festuca rubra perennial Cu pasture, fodder Radziemska et al., 2017
Koeleria vallesiana perennial Zn, Cd, Pb pasture, fodder Frérot et al., 2006
Lolium perenne perennial Cu, Zn, Mo, Cd pasture, fodder Bidar et al., 2007; Santibafiez et al., 2008
Trifolium repens perennial Cd, Zn, Pb pasture, fodder Bidar et al., 2007; Oleniska et al., 2022
Trifolium pratense perennial Cd, Pb, As pasture, fodder Kimetal., 2018
Marrubium vulgare perennial Cd, Pb, Cu medicinal Zheljazkov et al., 2008
Melissa officinalis perennial Pb medicinal, essential oil Zheljazkov et al., 2008
Menta piperita perennial Cd, Pb, Cu, Mn medicinal, essential oil Zheljazkov et al, 2006
Ricinus commumis annual Ni oil, energy, medicinal Adhikari & Kumar, 2012
Lupinus albus annual Cd, As fodder, food Vazquez et al., 2006
Lupinus luteus annual Cd, Pb, Cu fodder Dary etal., 2010
Sorghum bicolor annual Cd, Zn energy, fodder, food Soudek et al., 2012
Sorghum halepense annual Ni energy, fodder Rabélo et al., 2018
Sorghum sudanense annual Cu energy, fodder Rabélo et al., 2018
Miscanthus sp. perennial Cd, Hg, Pb energy Pavel et al., 2014; Zgorelec et al., 2020; Nsan-

ganwimana et al., 2021

Phytostabilization of toxic metal ions in the rhizosphere can be
significantly improved by treating the soil with various organic and
inorganic amendments to reduce the bioavailability of pollutants and
improve the condition of contaminated sail, thereby promoting plant
growth. For example, an experiment with limestone addition in post-
war areas contaminated with Cu, Ni, Cd, Pb, Zn, and Cr revealed a
significant increase in soil pH and a decrease in Cu, Ni, and Cd con-
tent. Heavy metals in the biomass of Festuca rubra growing in the
experimental plot accumulated primarily in the root biomass
(Radziemska et al., 2019). In experiments with Miscanthus, the addi-
tion of inorganic phosphorus (triple superphasphate, applied in a ratio
of 5:3) and organic phosphorus (class B biological fertilizers, with an
application rate of 45 t/ha) resulted in a significant reduction in total
lead uptake, its concentration in plant tissues, and bioavailability in
soil (Alasmary et al., 2021). The use of red mud (a by-product of the
alumina industry) as a soil amendment on heavily contaminated soils
near a former Pb-Zn smelter in Copsa Mica (Romania) reduced the
exchangeable or phytoavailable fractions of Zn, Cd and Pb, resulting
in no accumulation of these elements in the above-ground biomass of
Miscanthus (Pavel et al., 2014). When growing Brassica juncea and
Dactylis glomerata on soils heavily contaminated with As, Cd and
Pb, the addition of compost and biochar resulted in increased yields of
these crops and an overall reduction in the toxicant concentration in
plants compared to the control. Furthermore, both plant species sho-
wed a higher accumulation of pollutants in roots than in shoots (Vis-
conti et al., 2020).

Of course, phytostabilization has its drawbacks. Since toxicants
remain in place, plants and soil may require long-term care to prevent
re-release and further leaching of pollutants. Plants may also require
significant fertilization or other soil amendments. Constant monito-
ring is necessary to prevent excessive metal uptake by plants and their
transfer to the aboveground parts. However, phytostabilization meth-
ods are less expensive and less destructive than other, more effective
soil remediation methods. Furthermore, growing perennials promotes
ecosystem restoration.

In the case of soil contamination with volatile substances, phy-
tovolatization of pollutants can be applied. This is the process of ab-
sorption of pollutants by plants, transformation and their subsequent
evaporation into the atmosphere through stems or leaves (direct phy-
tovolatility) or from the soil as a result of the activity of plant roots
(indirect phytovolatility). During this process, pollutants, such as

mercury ions, can be converted into less toxic substances. Plants that
are resistant to toxicants, have a high adsorption surface area, and are
tolerant to hypoxia can be used in this strategy. In woody species,
direct phytovolatization from tree trunks and branches occurs through
the diffusion of volatile organic compounds (VOCs) through the
secondary xylem, secondary phloem, and periderm, eventually reach-
ing the atmosphere, where the VOC activity becomes lower than in
the wood. In herbaceous plants, when VOCs are transported to
aboveground tissues, these compounds can leave the stem and leaves
through the epidermis via two parallel pathways: diffusion through
open stomata and diffusion through the cuticle (Limmer & Burken,
2016).

Despite the difficulties of conducting experiments to determine
the ability of plants to phytovolatility, there is reliable evidence that
poplars (Populus sp.), willows (Salix sp.), and Russian olive (Elaeag-
nus angustifolia) are good at removing trichloroethylene from the soil
(Doucette et al., 2003). In another experiment, hybrid poplars demon-
strated the ability to absorb and effectively decompose not only tri-
chloroethylene, but also other organic pollutants, including atrazine
and 1,4-dioxane. The data obtained are particularly interesting for
Ukraine because these plants are typical of the region. Research by
Arnold et al. (2007) presented data on the uptake of methyl tert-butyl
ether by pine trees (Pinus sp.) at a site contaminated with gasoline
oxygenates and tert-butyl alcohol.

Phytovolatization has limitations and disadvantages. For exam-
ple, the pollutant or hazardous metabolite may be released into the
atmosphere or accumulate in plants and be transferred to industrial
products such as fruit or wood.

When surface or groundwater is contaminated, rhizofiltration
methods can be used for purification. It is carried out by absorbing
pollutants in solution around the root zone. This can be a wide range
of inorganic (heavy metals, cyanides, nitrates, phosphates, radionu-
clides) and organic (explosives) pollutants. Rhizofiltration can be
implemented in situ to clean contaminated surface water. However,
ex situ rhizofiltration is most commonly used, in which artificial wet-
lands or reservoirs are created, where marsh (Carex sp., Phragmites
sp., Acorus calamus, etc.) and aquatic plants (Lemna sp., Azolla sp.,
Myriophyllum sp., Elodea sp., etc.) are grown, and contaminated wa-
ter is supplied using a specially designed tank system (Biswal, 2025).
Terrestrial plants with high biomass, such as Brassica juncea, Helian-
thus annuus, grown hydroponically, are also often used for rhi-
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zofiltration (Yang & Lee, 2008). Rhizofiltration technologies were
successfully used to treat water bodies after the Chernobyl nuclear
accident. Different plants have varying efficiencies in removing diffe-
rent pollutants. For example, corn and wheat, while suitable for rhi-
zofiltration of polyacetates, may be unsuitable for removing other
organic pollutants (Kristanti et al., 2021). Key challenges that can
arise with rhizofiltration also include the need to maintain the solu-
tion's pH at a level that ensures optimal absorption of elements, as
well as the need to consider the chemical properties of pollutants and
their interactions. Furthermore, there is always a risk that previous
positive results obtained in laboratory experiments will not translate
consistently under field conditions.

Conclusions

Phytoremediation offers a wide range of technologies, the choice
of which depends on many factors, the most important of which are
the degree and scale of contamination, types of pollutants, and sail
characteristics. Each technology has its advantages and disad-
vantages, which should be considered in each specific case. Unfortu-
nately, many unknowns remain in the search for the most suitable and
universal phytoremediation strategies. A combination of several
methods can minimize the disadvantages of each and contribute to
increased land restoration efficiency. For the restoration of agricultur-
al sails in the post-war period, using phytoextraction and phytostabili-
zation methods, combining remediation measures with simultaneous
economic benefits appears most attractive. The challenge of expand-
ing the range of forage grasses, energy plants, or essential oil plants
capable of extracting or stabilizing pollutants on disturbed lands with-
out contaminating the final raw materials offers a wide range of op-
portunities for scientific research. The search for effective soil
amendments and the study of application rates to improve soil health
and increase biomass yields are also promising areas of research in-
terest.
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