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Abstract

Restoring contaminated and degraded land, including post-mining sites, industrial areas,
and urban brownfields, is central to sustainable land management, and nature-based solu-
tions (NBSs) such as phytoextraction can combine soil remediation with wider landscape-
restoration goals. This screening-stage pot study evaluated how three mobilising agents,
potassium iodide (KI), calcium chloride (CaCl,), and ammonium chloride (NH4Cl), applied
at 20, 50, and 80 mg kg~ ! against a common citric-acid background, affect the uptake
and translocation of 27 potentially toxic elements and critical raw materials in Brassica
juncea and Cichorium intybus grown on a met-al-contaminated post-mining substrate from
Srednogorie, Bulgaria, which is used as a model of severely degraded technogenic material
relevant to industrial and urban brownfield conditions. Bioconcentration and translocation
factors were calculated from XRF measurements of the substrate, root, and leaf tissue and
examined descriptively with exploratory principal component analysis and clustering,
since each combination was one composite sample. Plant species identity, rather than
reagent, was the strongest determinant of accumulation: Brassica juncea more often retained
Y, Sr, Th, and Zn in roots, whereas C. intybus translocated Rb, Sr, Pb, and Cu more readily to
leaves. KI produced the most distinct profile, increasing root and, at the highest dose, shoot
enrichment of V, whereas CaCl, and NH4Cl mainly enhanced root retention with limited,
non-monotonic effects on shoot transfer. These species- and element-specific strategies
indicate screening-stage potential for phytoextraction, pending validation with replicated
biomass and yield data.

Keywords: nature-based solutions; urban brownfield restoration; critical raw materials;
potentially toxic elements; chemically assisted phytoextraction

1. Introduction

The restoration of contaminated urban land is increasingly recognised as an important
component of sustainable urban development. Brownfields, former industrial areas and
other degraded urban sites frequently contain elevated concentrations of potentially toxic
elements, which impose long-term constraints on land use and reduce the ecological,
social and economic value of urban landscapes. Nature-based solutions (NBSs) provide
a framework for addressing these challenges by combining environmental remediation
with the recovery of ecosystem functions, maintenance of vegetation cover and broader
landscape-restoration objectives.

Conventional remediation methods, including excavation, off-site disposal and physic-
ochemical treatment, are often costly and may substantially disturb soil structure, fertility
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and biological functioning, thereby causing long-term impacts on ecosystem processes [1,2].
These limitations have stimulated interest in less disruptive remediation approaches that
can be implemented in situ while maintaining or gradually restoring soil and landscape
functions. Phytoextraction, defined as the uptake of elements from contaminated soil
and their accumulation in harvestable plant tissues, has therefore received considerable
attention as a potentially cost-effective and non-destructive alternative to engineering-
based remediation [1,3,4]. When integrated into longer-term site management, plant-based
remediation may also support revegetation, erosion control and the progressive ecological
recovery of degraded land.

In addition to potentially toxic elements, contaminated urban and industrial substrates
may contain economically valuable elements associated with critical raw materials (CRMs),
including rare earth elements, tungsten, tantalum, indium and gallium. These materials are
essential for renewable-energy technologies, electronics and advanced manufacturing, and
concerns regarding their secure and sustainable supply are increasing worldwide [5]. The
accumulation of such elements in plant tissues may therefore provide a basis for linking
remediation with future resource-recovery strategies within a circular-economy framework.
However, concentration in plant tissues alone does not demonstrate effective removal from
the substrate or economically viable recovery, such an assessment also requires information
on plant biomass, total element yield, changes in soil concentrations over time and the
management of the harvested material. In the absence of these measurements, plant
concentrations and translocation indices should be interpreted primarily as indicators of
phytoextraction potential.

Plant species occurring or readily establishing in disturbed habitats may be partic-
ularly suitable for nature-based remediation because they can provide vegetation cover
while tolerating adverse substrate conditions. Brassica juncea and Cichorium intybus are
promising candidates for chemically assisted phytoextraction due to their capacity to es-
tablish themselves on contaminated substrates and accumulate several potentially toxic
elements, including Cd, Pb, and Zn, in roots and above-ground tissues [6-8]. The However,
these two species, however, may employ contrasting accumulation strategies.: Brassica
species are frequently characterised by substantial uptake and sequestration in the root
system [9], whereas C. intybus has demonstrated effective xylem transport and accumula-
tion in leaf tissues, potentially favouring the transfer of selected elements to harvestable
above-ground biomass [8,10]. These physiological differences suggest that the species may
perform complementary functions, with some elements predominantly retained below
ground and others more effectively translocated to shoots [9,10].

The effectiveness of phytoextraction is frequently constrained by the limited bio-
availability of elements in soil.: many Many contaminants and potentially valuable ele-
ments are strongly associated with mineral surfaces, organic matter, or other rela-tively
stable soil fractions and are therefore not readily accessible to plant roots. Con-sequently,
elevated total concentrations in soil do not necessarily result in proportion-ally high con-
centrations in plant tissues [11,12]. Chemical mobilisation has been pro-posed as a means
of increasing the soluble or exchangeable element fraction and thereby enhancing plant
uptake. Previous studies have shown that amendments can increase the concentrations of
selected contaminants in plant tissues relative to un-treated controls [11,13].

Synthetic chelating agents such as EDTA are among the most extensively investigated
mobilisation treatments; however, their use raises concerns because strong and persistent
metal-chelant complexes may remain mobile beyond the period of active plant uptake,
increasing the risk of element transport below the root zone and contamination of ground-
water [12]. These environmental trade-offs are particularly relevant when chemically
assisted phytoextraction is considered within an NBS framework. An intervention cannot
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be regarded as sustainable solely because it employs plants; the benefits of increased ele-
ment uptake must also be assessed against the risks of leaching, salinisation, phytotoxicity,
and adverse effects on soil organisms and vegetation development. This has encouraged
the investigation of alternative inorganic salts and less persistent mobilisation treatments
that may modify element availability while avoiding some of the limitations associated
with conventional synthetic chelants. In addition, low-molecular-weight organic acids are
released naturally by plant roots as exudates, where they influence the mobility and uptake
of metals in the rhizosphere. Citric acid, one of the most common exudates, was therefore
applied uniformly to all pots to reproduce this organic-acid component of root exudation
and to examine its influence on element behaviour, while also exemplifying the low-cost,
readily biodegradable, and non-persistent amendments favoured over synthetic chelators
such as EDTA. Applying it identically to every pot allowed the effects of the three inorganic
salts to be assessed against a common, root-exudate-like organic-acid background rather
than against untreated substrate.

Despite growing interest in chemically assisted phytoextraction, limited information
is available on how alternative mobilisation agents affect a broad range of potentially toxic,
rare, and CRM-associated elements in plant species with contrasting accumulation and
translocation strategies. In particular, the relative importance of plant identity, reagent type,
and application dose remains insufficiently resolved, and increased root accumulation must
be distinguished from enhanced transfer to above-ground tissues, because these responses
correspond to different remediation functions and harvesting requirements.

The three inorganic reagents were selected so that a single, comparatively simple set of
salts could probe several different mechanisms of action on the substrate-soil-solution—plant
system while avoiding persistent synthetic chelators. The underlying concept is halide-
assisted metal complexation: iodide and chloride are ligands that form soluble complexes
with several metals—the principle behind the well-documented induced accumulation
of gold [14]—and chloride leaching is widely applied in hydrometallurgy, yet its role
in phytoextraction remains comparatively little studied. In addition, calcium chloride
is, in addition, a standard reagent for assessing the ex-changeable and readily soluble
element fractions [15], so its action can be interpreted in terms of ion exchange and chloride
complexation, with the latter shown to increase the solubility and plant uptake of elements
such as Cd [16]. Ammonium chloride combines the same chloride effect with an ammonium
cation that, through nitrification, can gradually acidify the substrate and further increase
the availability of metal cations. Potassium iodide supplies a transiently available iodide
together with K*, an essential plant macronutrient; because part of any response may
therefore be associated with K* rather than I, the iodide effect cannot be attributed to the
halide alone. Selecting reagents that share a chloride ligand but differ in their cation (Ca®*,
NH, "), together with an iodide reagent, allowed these contrasting effects to be compared
while monitoring the accompanying changes in pH and the condition of the experimental
system were monitored.

The present pilot study therefore evaluated the effects of potassium iodide (KI), cal-
cium chloride (CaCl,), and ammonium chloride (NH4Cl), applied at three doses, on element
uptake and distribution in B. juncea and C. intybus. The plants were grown on a highly
contaminated mine-waste substrate used as a model of severely degraded technogenic
material relevant to industrial and urban brownfield conditions. Concen-trations were
determined separately in the substrate, roots and leaves, and the resulting bioconcentration
and translocation patterns were used to distinguish treatment com-binations associated
predominantly with root retention from those favouring transfer to above-ground tissues.
Because dry biomass and total element removal were not measured, the study assesses
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accumulation and translocation potential are assessed in the study rather than quantitative
extraction efficiency.

Based on this objective, four hypotheses were formulated: (i) B. juncea and C. inty-
bus would exhibit measurable but element-specific accumulation of potentially toxic and
CRM-associated elements; (ii) KI, CaCl,, and NH4Cl would produce ele-ment-specific
responses rather than uniform increases in plant uptake; (iii) the two species would dif-
fer in the allocation of accumulated elements between roots and above-ground tissues;
and (iv) reagent and dose combinations producing increased above-ground accumulation
and translocation would indicate greater potential for phytoextraction-oriented manage-
ment, whereas combinations characterised by root retention would be more consistent
with phytostabilisation-oriented strategies. The broader relevance of these contrasting
responses to nature-based remediation was evaluated in terms of plant selection, harvesting
requirements, and the environmental trade-offs associated with reagent application.

2. Materials and Methods
2.1. Study Site and Substrate Collection

The experimental substrate was collected from a historical waste-rock dump lo-cated in
the Srednogorie mining region, Bulgaria. The site (Figure 1) represents post-mining brown-
field land formed as a result of former mining activities and is characterised by a strongly
disturbed technogenic substrate with limited natural soil development. The surrounding
vegetation is dominated by black pine (Pinus nigra) plantations, while the geological setting
consists predominantly of volcanic rocks and heterogeneous Qua-ternary deposits.

Figure 1. Historical waste-rock dump and post-mining brownfield in the Srednogorie mining
region, Bulgaria.

The collected material was characterised by limited soil development, strong ini-tial
acidity, and elevated concentrations of several potentially toxic elements. It, and was
therefore used as an experimental model of a severely degraded technogenic sub-strate
relevant to the restoration of post-mining, industrial, and urban brownfield sites.

Substrate sampling was conducted in February 2026 at an elevation—of 750 m. M,
material was collected from a depth of 30-50 cm at 5 points. and the The individual field
samples were combined to produce the bulk substrate used in the experiment.

The collected material was transported to the laboratory, air-dried, sieved, and thor-
oughly homogenised before use.

2.2. Experimental Design and Plant Cultivation

A controlled pot experiment was conducted with common chicory (Cichorium intybus
L.) and mustard (Brassica juncea L.), with 30 pots prepared for each species, giving 60 cul-
tivation units in total. Each pot (13 cm in diameter, 9 cm in height, and 0.5 L in volume)
contained 300 g of dried, sieved and homogenised substrate, and substrate moisture was
maintained at approximately 60-70% of field capacity throughout cultivation.
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Ten treatments were established for each species: an untreated control and KI, CaCl,,
and NH4Cl, each applied at 20, 50, and 80 mg kg ! dry substrate (equivalent to 6, 15 and
24 mg of reagent per pot, respectively). A stepwise, three-level concentration series was
used so that any dose-dependence of the response could be tracked and a range identified
in which uptake is enhanced without evident phytotoxicity, rather than to maximise
mobilisation; the levels were kept low enough to limit salinity stress and to keep reagent
inputs compatible with the low-impact character of a nature-based intervention. Each
treatment comprised three pots, which were maintained separately during cultivation;
the material from the three pots was then pooled before chemical analysis, yielding one
composite analytical sample per species X treatment combination.

Before sowing, the substrate was conditioned to correct its strong initial acidity and
low nutrient status: each pot was limed with 2.47 g of Ca(OH); and fertilised with 2.38 g of
YaraMila COMPLEX NPK 12-11-18. Fifteen days after this conditioning, substrate pH had
risen from 2.6 to 7.3, after which the plants were established.

All pots, including the controls, received a uniform application of citric acid, which—as
one of the principal low-molecular-weight organic acids released by plant roots as
exudates—was applied to reproduce this organic-acid component of root exudation in the
rhizosphere and to examine its influence on element mobilisation and uptake. It also exem-
plifies the low-cost, readily biodegradable and non-persistent amendments favoured over
persistent synthetic chelators such as EDTA: its carboxylate groups can transiently complex
several metals and promote their desorption, while it is rapidly metabolised by soil microor-
ganisms and therefore dissipates quickly from the substrate, limiting prolonged mobility
and leaching. Because citric acid was applied identically to every pot, the control-relative
responses reported below isolate the additional effect of KI, CaCl,, or NH4Cl superimposed
on this common, root-exudate-like organic-acid background. The design did not include a
citric-acid-free control, and rhizosphere-solution samples and element valence states were
not determined; therefore, the independent contribution of citric acid and the underlying
element speciation cannot be resolved here and are addressed in the Discussion and in the
proposed validation design. The citric-acid dose of 1 g kg~! dry substrate (0.30 g per pot)
was chosen as a balance between mobilisation and plant safety: on this weakly buffered,
sandy substrate, a dose of this order is reported to lower substrate pH from about 7.2-7.3 to
about 5.5, sufficient to increase the availability of several metals without causing marked
phytotoxicity, whereas higher doses lower pH further and increase mobilisation but also
the risks of phytotoxicity and leaching [17-20]. Result of the experiment is presented on
Figure 2.

Figure 2. Experimental design involving Cichorium intybus, Brassica juncea and the applied KI, CaCl,
and NH,4Cl treatments.

2.3. Reagent Application and Sample Coding

The mobilising reagents were applied on 20 May 2026, once the plants were well
established and actively growing, by dissolving KI, CaCly, or NH4Cl in water and ap-
plying the solution to the substrate surface; the control pots received the same volume
of water without added reagent. Substrate pH was measured before the subsequent cit-
ric-acid application. Citric acid was then applied to carried out on all pots, including
the controls, on 3 June 2026 at 1 g kg~! dry substrate (0.30 g per pot). Substrate pH and
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electrical conductivity were measured again before the final sampling, and substrate, root
and leaf material was collected for elemental analysis on 17 June 2026. The plants were
cultivated for approximately two months in total.

Sample numbers 1-10 corresponded to Cichorium intybus, whereas numbers 11-20 cor-
responded to Brassica juncea. Within each species, the numbering followed the same
treatment sequence: control; KI at 20, 50, and 80 mg kg_l; CaCl; at 20, 50, and 80 mg kg_1 ;
and NH,Cl at 20, 50, and 80 mg kg_l.

The sample matrices were coded as follows: S1-510: were substrate samples from
C. intybus treatments; S11-S20: were substrate samples from Brassica juncea treatments;
K1-K10: were root samples from C. intybus; K11-K20 were: root samples from Brassica
juncea; L1-L10: were leaf samples from C. intybus; L11-L20 were: leaf samples from
Brassica juncea.

The control samples received citric acid but no preceding KI, CaCl,, or NH4Cl treatment.

2.4. Elemental Analysis

The elemental composition of the substrate, root and leaf samples was determined by
semi-quantitative energy-dispersive X-ray fluorescence spectrometry (SPECTROSCOUT
portable XRF spectrometer, Screening Powders analytical method) at the Institute of General
and Inorganic Chemistry, Bulgarian Academy of Sciences. Prior to measurement the dried
samples were sieved and homogenised, and approximately 8-10 g of prepared material
was used for each determination.

Before analysis, all samples were dried, homogenised and prepared according to the
instrument requirements.

The analysed elements were Pb, Cu, Cr, Zn, V, Cd, As, Hg, Ba, Zr, Rb, Ce, La, Y, Ga, Ta,
W, Sr, Sn, Cs, Ni, Mo, Th, In, Sb, Te and Co.

Values reported below the analytical detection limit were treated as censored observa-
tions and were not replaced with zero. Element-specific detection information is provided
in Supplementary Table S1.

2.5. Bioconcentration, Translocation and Treatment Response

Bioconcentration and translocation indices were calculated by matching substrate,
root and leaf samples with the same numerical code, thus, S1, K1 and L1 represented the
corresponding substrate, root and leaf samples from the first Cichorium intybus treatment,
while S11, K11 and L11 represented the corresponding samples from the first Brassica
juncea treatment.

Element enrichment in the roots was evaluated using the root bioconcentration factor:

C
BCFroot = CA 1
substrate
where Cyoot is the concentration of the respective element in the root tissue and Cgypstrate 1S
its concentration in the corresponding post-treatment substrate sample.
Element enrichment in the above-ground tissues was evaluated using the shoot bio-
concentration factor:
Cleat
BCFhoot = C = (2)
substrate

where Cje¢ is the concentration of the respective element in the leaf tissue.
Root-to-shoot element transfer was evaluated using the translocation factor:
C
TF — leaf (3)

Croot
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Values of BCFyoot > 1 or BCFEgpoot > 1 indicate that the concentration of the respective
element in the plant tissue exceeded that in the corresponding substrate sample, these
values were interpreted as indicators of relative tissue enrichment and not as sufficient
evidence of hyperaccumulation. Values of TF > 1 indicate preferential translocation to the
leaves, whereas values those below 1 indicate predominant retention in the roots.

The combined interpretation of the three indices was used to distinguish contrasting
element-allocation patterns: high BCFot accompanied by TF < 1 was interpreted as
predominant root retention, consistent with a phytostabilisation-oriented response, while
higher BCFg,o0t accompanied by TF > 1 indicated greater potential for transferring the
respective element to harvestable above-ground tissues.

Treatment responses were evaluated relative to the corresponding species-specific
control, which received citric acid but no preceding KI, CaCl, or NH4Cl treatment. The
absolute difference relative to the control was calculated as:

ACtreatment = Ctreatment — Ccontrol 4)
The fold change relative to the control was calculated as:

FC = Ctreatment (5)
Ccontrol

where Cireatment represents the element concentration or calculated index for a given reagent
and dose, and Cgoniro] represents the corresponding value for the same plant species in
the control.

The percentage change relative to the control was calculated as:

C -C
%A Cireatment = freatment control x 100 (6)

Ceontrol
For graphical comparison of responses differing substantially in magnitude, fold
changes were also expressed on a base-2 logarithmic scale:

10g2 FC = logz ( Ctreatment ) (7)

Ccontrol

A value of log,FC = 0 indicates no change relative to the species-specific control,
while positive and negative values indicate an increase and decrease, respectively. Thus,
values of +1 and —1 correspond to a two-fold increase and a two-fold decrease, respectively.

Control-relative metrics were calculated only when both the treatment and control
values were exact, positive numerical values; bound ratios and n.c. entries were excluded
from the calculations. No pseudocounts or substitutions were introduced. Because per-
centage change is mathematically related to FC as %AX = (FC — 1) x 100, the main text
emphasises FC and log, FC, while all four metrics are presented in Supplementary Table S3.

Responses across the ordered doses of 20, 50 and 80 mg kg~! were examined sepa-
rately for each plant species, reagent, element and index. A complete three-dose series
was classified as increasing when the index increased successively across all three doses,
decreasing when it declined successively, and non-monotonic when neither condition
was met. Series containing censored or non-calculable values were excluded from this
classification. Because each dose was represented by one composite analytical observation,
the dose patterns were interpreted descriptively.

Dry root and shoot biomass was not determined.; therefore, total Total uptake and
removal from the substrate could therefore not be calculated. Thise study assesses ele-ment
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concentrations, relative tissue enrichment, root retention, root-to-shoot transloca-tion, and
control-relative responses rather than total phytoextraction yield.

2.6. Data Analysis

Each plant species x treatment combination was represented by a single composite
analytical sample, because material from the three cultivation pots was pooled before
chemical analysis. The dataset therefore contained no independent within-treatment
replicates, and all analyses were descriptive and exploratory; no inferential statistical tests,
confidence intervals, or adjusted p-values were computed. Elemental concentra-tions,
BCFroot, BCFghoot, TF values, and control-relative fold changes were examined separately
for each plant species, reagent, and dose. Responses across the ordered doses of 20, 50, and
80 mg kg~ ! were compared descriptively: a series was classified as direc-tional when the
index increased or decreased successively across all three doses, and as non-linear when its
maximum or minimum occurred at the intermediate dose. These dose patterns were not
subjected to statistical dose-response testing.

Principal component analysis (PCA) and hierarchical clustering were used to ex-plore
multi-element variation within the BCFoot, BCFghoot, and TF datasets, with a separate
analysis for each index. Treatment combinations were treated as observations and el-
ements as variables. Prior to analysis, the data were log-transformed; variables with
zero variance, insufficient quantified observations, or unstable ratios were ex-cluded,
and the retained variables were centred and scaled to unit variance. Clustering was
performed on the z-score-standardised, log-transformed data using Euclidean dis-tances
and Ward’s minimum-variance linkage, and the results were visualised as heatmaps and
dendrograms. Both techniques were used exclusively to identify explor-atory patterns;
separation among species, reagents or dose levels was not interpreted as statistical evidence
of treatment effects.

Values below the analytical detection limit were treated as censored observations and
were not replaced with zero or with an assumed detection-limit value. Ele-ments with
insufficient quantitatively determined observations were excluded from ra-tio-based and
multivariate analyses.

All calculations and exploratory analyses were performed in R version 4.5.3. Prin-cipal
component analysis and associated graphical outputs were generated using the FactoMineR
and factoextra packages.

Generative artificial intelligence was used as an assistive tool during manuscript prepa-
ration. OpenAl ChatGPT was used to support the structural organisation and language
editing of the manuscript and to assist with the preparation of descriptive calculations and
visualisations based exclusively on the authors” experimental dataset. The tool was not
used to generate experimental data or to make autonomous scientific decisions. All calcu-
lations, interpretations, references, and Al-assisted outputs were independently checked,
revised, and approved by the authors.

3. Results
3.1. Elemental Concentrations in the Substrate and Plant Tissues

The complete elemental concentrations measured in the substrate, root, and leaf
samples are provided in Supplementary Table S1. Each value represents one composite
analytical sample corresponding to a specific plant species, reagent and application dose.

The substrate samples contained comparatively high concentrations of Pb, Ba, Zr,
Cu, Cr, and Rb. Pb concentrations ranged from 739.7 to 1022 mg kg ! dry weight, while
Ba and Zr ranged from 649.1 to 720.1 mg kg_1 and from 194.0 to 273.1 mg kg_l, re-
spectively. The corresponding ranges for Cu, Cr, and Rb were 173.0-255.5 mg kg~ !,
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161.4-184.4 mg kg1, and 154.5-171.1 mg kg~ !, while Zn and V concentrations ranged
from 102.5 to 171.8 mg kg ! and from 62.7 to 83.5 mg kg !, respectively.

Root and leaf concentrations varied more strongly among plant species and treatments.
In Cichorium intybus, the highest root concentrations of Pb, Cu and V occurred under
KI at 20 mg kg !, whereas the highest Zn concentration was recorded under NH,Cl at
50 mg kg ~!. In Brassica juncea, comparatively high root concentrations of Zn occurred
under several CaCl,-, KI- and NH4Cl-based treatments.

The leaf profiles differed from those observed in the roots: elevated leaf concentrations of
V, Sr, Rb, and Zn were recorded in selected treatments, whereas Pb, Cu, Zr, Y, and Th generally
remained more concentrated in the roots than in the leaves. The complete concentration
profiles for the substrate, roots and leaves are shown in Figure 3 and tabulated in Table S1.

(A) Substrate
C. intybus B. juncea

Hg
Ba
Zr
Rb
Ce
La - ] |
Y [ [ 11 [ T 1T 1}
C_-I;_a 1 | |
a
w
Sr ! 1 1 [ | | |

10°

T T T T T T T T T T T T T T T T T
Ctrl K20 K50 K80 Ca20 Ca50 Ca80 NH20 NH50NH80 Ctrl K20 K50 K80 Ca20 Ca50 Ca80 NH20 NH50 NH80

(B) Roots
C. intybus B. juncea

3
R

mg kg™ Dry Weight (log Scale)

I N IS S N I N —
I 10'

T T T T T T T T T T T T T T T T T T T T

Ctrl K20 K50 K80 Ca20 Ca50 Ca80 NH20 NH50NH80 Ctrl K20 K50 K80 Ca20 Ca50 Ca80 NH20 NH50 NH80

(C) Leaves

C. intybus B. juncea

10°

T T T T T T T T T T T T T T T T T T T T
Ctrl K20 K50 K80 Ca20 Ca50 Ca80 NH20 NH50NH80 Ctrl K20 K50 K80 Ca20 Ca50 Ca80 NH20 NH50 NH80

Figure 3. Elemental concentration profiles in the substrate, roots and leaves of Cichorium intybus and
Brassica juncea under the control, KI, CaCl, and NH,Cl treatments. Grey cells represent values below
the analytical detection limit.
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3.2. Awailability of Bioconcentration and Translocation Indices

For the 27 analysed elements and 20 treatment combinations, 540 values could
theoretically be calculated for each concentration-based index. However, ratios were
calculated only when both concentrations required for the respective calculation were
quantitatively determined.

Overall, BCF o0t was calculable for 199 of the 540 possible element-treatment combi-
nations, BCFypoot for 179 combinations and TF for 170 combinations; thus-Thus, 548 of the
1620 theoretically possible bioconcentration and translocation coeffi-cients were retained
(Table S2).

Complete BCFot datasets covering all 20 treatment combinations were availa-ble
for Zn, Zr, Rb, Y, Sr, and Th. Complete BCFyp,,0; cOverage was available for Pb, Zn, Rb,
Y, and Sr, while complete TF coverage was limited to Zn, Rb, Y, and Sr. Pb, Cu, and Zr
also had comparatively high coverage, but one or two treatment-specific values could not
be calculated.

BCF and TF values could not be evaluated systematically for As, Hg, Ce, La, Ga, Ta,
W, 5n, Cs, Te, and Co because the relevant concentrations were predominantly below the
analytical detection limit. Cd, Ni, Mo, In, and Sb produced only isolated valid ratios and
were therefore not used to define general treatment or species patterns.

All individual coefficients, including the number of valid observations for each ele-
ment, are provided in Supplementary Table S2.

3.3. Root Bioconcentration

Root bioconcentration showed pronounced element-, species- and treatment-specific
variation, as summarised in Figure 4.

In C. intybus, Zn showed BCFot values above 1 in eight of the ten treatments. The high-
est Zn BCFyoot was recorded under NH4Cl at 50 mg kg !, reaching 10.76; KI at 20 mg kg !
also resulted in a high Zn BCF;,0t of 8.95.

Y was consistently concentrated in the roots of chicory, with BCFoot values above 1 in
nine of the ten treatments; the highest value was 4.97 under NH4Cl at 50 mg kg~!. Most Y
values ranged between approximately 2.5 and 4.6, indicating persistent root enrichment
across chemically contrasting treatments.

KI at 20 mg kg~ ! produced the highest root bioconcentration values for several other
elements in chicory, including the following;:

Pb: BCFroot = 1.15.

Cu: BCFpot = 3.50.

Cr: BCFroot = 1.90.

V: BCFroot = 5.68.

The response was not maintained consistently at the higher KI doses; for example,
the BCFyoot of Cu decreased from 3.50 at 20 mg kg ™! to 0.61 at 50 mg kg~ ! and 0.11 at
80 mg kg !.

In Brassica juncea, Zn also showed substantial root bioconcentration, with BCFpot

values above 1 in eight of the ten variants. The highest values were recorded under CaCl,
at 20 and 80 mg kg~ !, reaching 6.87 and 6.85, respectively, while NH,4Cl at 20 mg kg ™!
produced a BCF;oot of 6.19 and KI at 20 mg kg ™! produced a value of 5.93.

Y was enriched in Brassica roots in nine of the ten variants. The highest Y BCF_root
was 5.67 under CaCl, at 20 mg kg~ !, followed by 5.05 under CaCl, at 50 mg kg~ *.

Cu showed BCFE,qot values above 1 in seven of the nine calculable Brassica variants,
and the highest value was 2.21 under KI at 20 mg kg_l. The highest Cr BCFpot, 2.19, was
recorded under NH4Cl at 80 mg kg_l, while V reached a maximum BCF,ot of 4.08 under
KI at 20 mg kg~ 1.
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Pb did not show systematic root enrichment in Brassica juncea; all calculable BCFyoot
values were below 1.

Columns represent the individual control and reagent-dose combinations. The refer-
ence value BCF oot = 1 distinguishes concentrations below and above those measured in
the corresponding substrate.
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Figure 4. Root bioconcentration factors for the analysed elements in Cichorium intybus and Bras-
sica juncea.

3.4. Treatment Responses Relative to Species-Specific Controls

Treatment responses relative to the corresponding species-specific controls were eval-
uated using absolute differences, fold changes, percentage changes and log,-transformed
fold changes. The complete control-relative dataset is provided in Supplementary Table S3,
while the overall patterns are visualised in Figure 5.
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Figure 5. Heatmaps of log,-transformed fold changes in root bioconcentration, shoot bioconcentration
and root-to-shoot translocation relative to the corresponding species-specific controls.
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Exact control-relative metrics could be calculated for 385 treatment—element—index
combinations, of these, 170 represented increases and 215 represented decreases relative
to the corresponding species-specific controls. The coexistence of positive and negative
responses confirms that the reagents did not produce a general enhancement of accumula-
tion or translocation. The complete results for A, FC, percentage change and log, FC are
presented in Supplementary Table S3 and visualised in Figure 5.

Among the 146 elements x species x reagent x index combinations for which exact
values were available at all three doses, 88 showed non-monotonic responses., 33 demon-
strated strictly decreasing patterns, only 25 showed successive increases from 20 to
80 mg kg~!. Therefore, increasing reagent dose therefore did not generally result in a
proportional increase in bioconcentration or translocation.

KI produced the clearest control-relative response for V in C. intybus. V BCFroot was
57.2,22.0- and 24.3-fold higher than the control under K120, KI50, and KI80, corresponding
to values of 5.68, 2.18, and 2.41, respectively. Thus, all three doses enhanced root enrichment,
but the strongest response occurred at the lowest dose.

The effects of KI on Cu and Zn in C. intybus were predominantly root-oriented. Under
KI20, Cu BCF;oot increased 12.9-fold, whereas BCFg;,; decreased to 0.77 of the control
and TF decreased to 0.059 of the control. Similarly, Zn BCF;t increased 7.59-fold, while
BCFgpoot decreased to 0.49 and TF to 0.064 of their respective control values. These re-
sponses indicate enhanced root accumulation without corresponding enhancement of
shoot enrichment.

A comparable separation between root and shoot responses was observed for NH,Cl.
In C. intybus, NH4CI50 increased Zn BCFyq0t 9.13-fold and V BCFyoot 20.0-fold relative to
the control, however, Zn, BCF,,: decreased to 0.56 of the control and TF decreased to
0.062. The treatment therefore produced a strong increase in root enrichment but not in
transfer to above-ground tissues.

Zn in Brassica juncea exhibited the largest calculated fold changes in BCF;oot. The
control value was 0.0112, whereas the treatments produced values ranging from 0.903 to
6.868, corresponding to increases of 80.5- to 612.2-fold. These very high fold changes were
amplified by the exceptionally low control denominator and should therefore be considered
together with the absolute BCF values. In contrast, Zn BCFpo0: under the treatments was
only 0.25-0.60 of the control value, while TF was substantially reduced in all variants.

Several treatments altered allocation rather than producing parallel changes in root
and shoot enrichment. In C. intybus, KI50 reduced Y BCF;qot to 0.29 of the control but
increased BCFgp 0 2.96-fold and TF 10.1-fold, the same treatment reduced Zr BCF; oot to
0.16 of the control while increasing BCFg o0t 1.76-fold and TF 11.25-fold. In Brassica juncea,
NH4CI50 reduced Y BCF;qot to 0.18 of the control and increased BCFq,0; 1.49-fold and TF
8.40-fold. These cases demonstrate that a large increase in TF may result partly from a
reduction in root concentration and not solely from increased shoot accumulation.

Control-relative metrics were not calculated for censored comparisons. This restriction
particularly affected Cd and elements for which either the control or treatment index was
expressed as a lower or upper bound. Such treatments were retained in Supplementary
Table S2 but were not included in the FC, percentage-change, log,FC or complete dose-
series analyses.

3.5. Shoot Bioconcentration

Shoot bioconcentration was generally lower than root bioconcentration, although
several element- and treatment-specific exceptions were observed (Figure 4; Table S2).
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In C. intybus, all three quantified V leaf concentrations produced BC Fgp, ot Values above
1 under KI treatment; the values increased from 1.25 at 20 mg kg ! to 1.29 at 50 mg kg !
and 2.39 at 80 mg kg 1.

The highest St BCF,00¢ in chicory was 3.20 under KI at 50 mg kg~!. NH4ClI at
20 mg 1<g_1 also produced shoot enrichment of Sr, with BCFyo0t = 1.71. The highest Y
BCFyhoot was 1.80 under KI at 50 mg kg_l.

For Zn, BCFyp0t exceeded 1 in the chicory control and under KI at 50 mg kg~!, with
values of 1.68 and 1.27, respectively. Most other Zn treatments showed substantial root
accumulation but BCFg,,; values below 1.

In Brassica juncea, Zn BCFy0t exceeded 1 in seven of the ten variants. T, with the
highest value, 2.34, occurring occurring in the control. Among the reagent treatments, the
highest Zn BCFp,o0t Was 1.42 under NH4Cl at 20 mg kg 1.

KI at 80 mg kg ! produced the most pronounced V response in Brassica leaves, with
BCFyhoot = 3.60. Sr shoot enrichment occurred under several treatments, including NH,Cl
at 50 mg kg~ !, where BCF,;,oo¢ reached 1.92, and K1 at 20 and 50 mg kg !, where the values
were both 1.57.

High BCFypo0t Values were also calculated for Sb in individual samples. How-ever,
the corresponding substrate and leaf concentrations were simultaneously quan-tified in
only two variants per species. These isolated ratios were therefore not inter-preted as a
consistent accumulation response.

3.6. Root-to-Shoot Translocation

The translocation patterns differed clearly among elements (Figure 6).
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Figure 6. Root-to-shoot translocation factors for the analysed elements in Cichorium intybus and

Brassica juncea.

Rb showed the most consistent transfer to above-ground tissues, with TF exceeded
exceeding 1 in nine of the ten chicory treatments and six of the ten Brassica treatments.
In C. intybus, the highest Rb TF values were 1.73 in the control and 1.71 under NH4Cl at
20 mg kg~!; in Brassica juncea, the maximum Rb TF was 1.71 under CaCl, at 80 mg kg~ !.

Sr was also readily transferred to chicory leaves, with TF values above 1 in nine of the
ten treatments. The highest values were recorded under KI at 50 mg kg ! and NH4Cl at
20 mg kg~ !, reaching 2.45 and 2.26, respectively.
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In Brassica juncea, Sr TF exceeded 1 in four treatments; the maximum value was
1.72 under NH,Cl at 50 mg kg, followed by 1.62 under CaCl, at 80 mg kg~

The most distinct treatment-specific V translocation response occurred in Brassica
juncea under KI at 80 mg kg~!, where TF reached 1.62. Under the same treatment, V
BCFyhoot reached 3.60, indicating that this response reflected both enrichment rela-tive to
the substrate and transfer from roots to leaves.

Pb, Cu, Zr, Y, and Th were predominantly retained in the roots. Their TF values gener-
ally remained below 1 in both species, even when root bioconcentration was comparatively
high. This pattern was particularly evident for Y, which showed con-sistently high BC Foot
values but generally low TF values.

An exceptionally high Zn TF of 208.96 was obtained for the Brassica control. This
ratio resulted from the combination of a very low root concentration of 1.15 mg kg !
and a leaf concentration of 240.3 mg kg~ !. Because it represented an isolated value and
differed by several orders of magnitude from the other Zn treatments, it was treated
as an unstable treatment-specific ratio and was not interpreted as evidence of a general
translocation pattern.

The reference value TF = 1 represents equal element concentrations in roots and leaves.

3.7. Treatment-Specific Response Patterns

None of the three reagents produced a uniform increase in bioconcentration or translo-
cation across all elements, doses and plant species.

KI produced several of the strongest individual responses: at 20 mg kg~?, it increased
root bioconcentration of Pb, Cu, Cr, and V in C. intybus and of Cu and V in Brassica juncea;
at 50 mg kg, it was associated with high shoot bioconcentration and translocation of
Sr and Y in chicory; and at 80 mg kg !, it produced the strongest shoot enrichment and
translocation response for V in Brassica juncea.

NH,Cl produced the highest Zn BCF,oot in C. intybus at 50 mg kg ~! and the highest Cr
BCFyo0t in Brassica juncea at 80 mg kg . CaCl, produced the highest root bioconcentration
of Zn and Y in Brassica juncea, particularly at 20 mg kg .

The responses were not consistently dose-dependent: in many cases, the maximum
coefficient occurred at 20 or 50 mg kg~ ! rather than at the highest dose, and clear non-linear
patterns were observed for Cu, Zn, Pb, Cr, and Y. Consequently, the results do not support
a general assumption that raising the reagent dose systematically increases element uptake
or translocation.

The observed responses demonstrate contrasting element-allocation strategies. Zn
and Y showed substantial root enrichment, particularly in Brassica juncea, while Rb and
Sr were more readily transferred to the leaves; meanwhile, Pb, Cu, Zr, Y, and Th were
predominantly retained below ground. These findings identify potentially useful plant-
reagent combinations but do not quantify total element removal because plant dry biomass
was not measured.

4. Discussion
4.1. Species-Specific Patterns of Element Accumulation

The descriptive comparison of Cichorium intybus and Brassica juncea revealed clear
species-specific differences in element uptake and internal allocation, although neither
species showed consistently superior accumulation across all analysed elements. Bras-
sica juncea more frequently exhibited higher root bioconcentration of Sr, Th, Y and Zn,
whereas C. intybus generally showed higher BCFo0t values for Rb. Differences were also
evident in the above-ground tissues. Zn BCF o0 exceeded 1 in seven Brassica treatments
but in only two C. intybus treatments, while C. intybus more frequently showed greater
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root-to-shoot transfer of Sr, Pb and Cu. These patterns indicate contrasting element-specific
accumulation strategies rather than a universal advantage of either species. Because each
species X treatment combination was represented by one composite analytical sample, the
observed differences should be interpreted descriptively and not as statistically demon-
strated species effects.

The stronger root accumulation observed for several elements in Brassica juncea is
consistent with the ability of Brassica plants to absorb elements from the substrate and
retain them in root tissues. Brassica species possess several physiological and biochemical
mechanisms for limiting metal toxicity, including binding to phytochelatins, glutathione
and metallothioneins, followed by sequestration in cell walls or vacuoles. Such mechanisms
may produce high root concentrations without proportional transfer to above-ground
organs [21,22]. Depending on the target element, these species may therefore contribute
either to phytoextraction or to phyto-stabilisation.

Zn represented an important exception to a strictly root-dominant pattern in Brassica
juncea. Although Zn frequently exhibited high BCFoot values, shoot enrichment also
occurred in most treatments, consistent with previous evidence that Zn is more readily
translocated than several non-essential elements in Brassica plants. Studies with Brassica
juncea have reported TF values above 1 for Zn, whereas the transfer of Cd and Pb is
commonly more restricted [22]. The comparatively effective transfer of Zn may be related
to its essential role in plant metabolism and the presence of regulated transport pathways
involved in nutrient acquisition and internal redistribution.

The results for C. intybus indicate a comparatively greater capacity to transfer selected
elements from roots to leaves; this was particularly evident for Rb, for which BCF oot
remained below 1 while TF exceeded 1 in most treatments. Higher TF values for Sr, Pb, and
Cu were also observed in most direct comparisons with Brassica juncea. Previous studies
similarly demonstrate that chicory can translocate selected elements to its above-ground
biomass. Guérin et al. [23] observed root-to-leaf transfer of Cd and, to a lesser extent, Zn in
chicory grown on contaminated soil, while also demonstrating that accumulation varied
with cultivar and sampling time. Wu et al. [8] reported substantial Cd accumulation and
translocation under controlled pot conditions, confirming that chicory can function as a
potential Cd accumulator. These studies indicate that element allocation in C. intybus is
dynamic and dependent on genotype, exposure conditions, and plant development.

However, field evidence shows that the accumulation capacity of C. intybus is strongly
context-dependent: in naturally established vegetation on a reclaimed tailings pond in
Bulgaria, chicory contained relatively low REE concentrations in its leaves, including
0.51 mg kg~ Y, and its shoot bioconcentration factors remained below 1 [24]. The higher
concentration ratios observed in the present controlled experiment should therefore be
interpreted as evidence of potential uptake and internal allocation rather than as direct
evidence of field-scale phytoextraction or phytomining performance.

The contrasting behaviour of Y and Rb further demonstrates why BCF and TF must
be interpreted jointly. Y exhibited BCFoot values above 1 in nine of the ten treatments for
each species, while TF generally remained below 1, indicating uptake from the substrate
followed by preferential root retention. Rb showed the opposite pattern: root concentrations
remained below those in the substrate, but the element was frequently transferred from
roots to leaves. Therefore, a TF above 1 does not independently demonstrate effective
phytoextraction; it indicates preferential allocation to shoots relative to roots but provides
no information on whether the plant is enriched relative to the substrate.

The root-dominant accumulation of Y is consistent with findings for REEs in other
non-specialised plant species. Gmur et al. [25] found that REE uptake and allocation
varied among plant species and substrates, but BCF values remained below 1 and a sub-
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stantial proportion of the accumulated elements were retained in the roots. Similarly,
Richardson et al. [26] demonstrated that tissue type had a significant effect on REE concen-
trations, with roots generally accumulating more than shoots, while species and variety
strongly influenced dry biomass production. These observations support the interpretation
that high root concentrations may contribute to element retention or phytostabilisation but
do not necessarily indicate suitability for shoot-based recovery.

Cd requires separate and cautious interpretation. It was below the analytical detection
limit in all substrate samples; consequently, the corresponding BCFroot and BC Fgp ot Values
represent lower bounds rather than exact coefficients. Cd was quantified in leaves, confirm-
ing uptake into above-ground tissues, but root concentrations were frequently below the
detection limit. Exact TF values could therefore only be calculated when both root and leaf
concentrations were quantitatively determined. The results support the occurrence of Cd
uptake but do not permit a precise comparison of its accumulation efficiency between the
two species or classification of either species as a Cd hyperaccumulator.

More generally, classification based solely on BCF or TF is inappropriate. Pot ex-
periments restrict root development and may generate accumulation patterns that differ
substantially from those under field conditions. Wu et al. [8] showed that chicory achieved
considerably higher Cd concentrations in controlled experiments than in field trials and
therefore described it as a potential Cd accumulator rather than assigning hyperaccu-
mulator status solely from pot-derived coefficients. Likewise, recent REE phytomining
studies emphasise that plant selection must consider not only concentration in tissues but
also biomass production, tolerance, local adaptation, harvestability, and the feasibility of
processing the enriched biomass [26,27].

Opverall, the results indicate that species selection for assisted phytoremediation should
be element- and objective-specific. Brassica juncea showed stronger potential for root
accumulation and retention of several elements, including Y, Sr, and Th, whereas C. intybus
more frequently promoted transfer to the leaves for elements such as Rb, Sr, Pb, and Cu.
Root-dominant accumulation may be relevant to phytostabilisation, while transfer into
harvestable shoots is required for phytoextraction and phytomining. However, because
dry biomass was not measured, the present results describe concentration and allocation
patterns but do not quantify total element removal or recovery yield.

4.2. Effects of KI, CaCly and NHClI Treatments

The effects of KI, CaCl,, and NH4Cl were element-, species-, and tissue-specific. None
of the reagents produced a uniform increase in BCFypot, BCFghoot, Or TF across the analysed
elements, and increasing the dose from 20 to 80 mg kg~ ! did not generally result in a
monotonic response. The treatments therefore acted as selective modifiers of element
uptake and internal allocation rather than as universal enhancers of accumulation. Because
each species x treatment combination was represented by one composite analytical sample,
these patterns should be interpreted descriptively rather than as statistically demonstrated
treatment effects.

All experimental variants, including the controls, received citric acid. Consequently,
the control-relative responses represent the additional effects of KI, CaCl,, or NH4ClI
superimposed on a common citric-acid amendment. Citric acid can promote element
desorption and complexation in the rhizosphere and has previously enhanced Cr and Pb
phytoextraction by Brassica plants while partially alleviating metal-induced physiological
stress [17,18]. However, because the experiment did not include a control without citric
acid, its independent contribution to element mobilisation cannot be determined.

Among the tested reagents, KI produced the clearest response for V. In C. intybus, V
BCF, oot increased from 0.099 in the control to 5.68, 2.18, and 2.41 under KI20, KI50, and
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KI80, respectively. These values correspond to approximately 57-, 22-, and 24-fold increases
relative to the species-specific control, with the strongest response occurring at the lowest
dose. V BCFg,40t also increased from below 0.059 in the control to 1.25-2.39 under the
three KI treatments. In Brassica juncea, the control V BCFoot was below 0.016, whereas
values of 4.08, 3.37, and 2.23 were recorded under K120, KI50, and KI80. Because the control
was censored, an exact fold change could not be calculated. Under KI80, BCFgp,0t reached
3.60 and TF reached 1.62, indicating that this treatment was associated with both tissue
enrichment and effective transfer of V to the leaves.

The Kl response was not equivalent for all elements. In C. intybus, Cu BC Froot increased
from 0.271 in the control to 3.50 under KI20, representing an approximate 13-fold increase,
but declined to 0.611 and 0.112 under KI50 and KI80, respectively. The corresponding
BCFyhoot Values remained below 0.35, indicating that the pronounced response under K120
primarily reflected root retention. A similar pattern occurred for Zn: K120 increased BC Froot
from 1.18 to 8.95, while BCFg},0 decreased from 1.68 to 0.817 and TF from 1.42 to 0.091.
Thus, KI markedly increased the relative Zn concentration in roots without improving
transfer into harvestable above-ground tissues.

The choice of KI, and of the two chloride salts, was motivated by halide-assisted
metal complexation: iodide and chloride form soluble complexes with several metals,
a principle established for the induced accumulation of gold [14] and widely applied in
hydrometallurgical chloride leaching, yet still little explored for the phytoextraction of other
elements. Previous experiments have demonstrated that KI can induce the accumulation
of selected target elements in both Brassica juncea and chicory, particularly in studies of
Au phytomining [14]. These findings support the general capacity of iodide-containing
treatments to alter element availability and plant uptake under specific conditions. For
vanadium specifically, several non-exclusive mechanisms may be involved. Under the
near-neutral, oxic conditions of the conditioned substrate, vanadium is expected to occur
mainly as the pentavalent vanadate oxyanion (H,VO4™/ HVO,?7), a structural analogue
of phosphate that can enter roots through phosphate-transport pathways. lodide is a redox-
active species capable of partially reducing V(V) to the more soluble vanadyl cation V(IV),
while the accompanying K* may modify phosphate-vanadate competition at the root
surface; any of these processes could enhance vanadate mobilisation and root uptake and
would be consistent with the strong, low-dose V response observed under KI. However,
the chemical behaviour established for Au cannot be applied directly to V, Cu, Zn or
the other elements considered here. Substrate-solution concentrations, iodide complexes
and element valence states were not measured; consequently, the results demonstrate
Kl-associated changes in accumulation but do not, on their own, identify the underlying
mobilisation mechanism, which should be resolved in future work through speciation and
rhizosphere-solution analysis.

CaCl, produced a predominantly root-oriented response, particularly for Zn in Brassica
juncea: across the three doses, Zn BCFyot ranged from 5.51 to 6.87, whereas BCFyp o0t ranged
from 1.17 to 1.33 and TF remained between 0.173 and 0.213. The leaves were enriched
relative to the substrate, but root concentrations remained substantially higher, indicating
preferential below-ground retention. In C. intybus, CaCl;20 increased Zn BCFpot from
1.18 to 2.39, whereas all three CaCl, treatments reduced BC Egjo0; to 0.415-0.690 and TF to
0.173-0.722. Therefore, CaCl, did not improve shoot-based Zn extraction in chicory.

Several simultaneous processes may contribute to the CaCl, response. Chloride
can form soluble complexes with selected elements and has been shown to increase Cd
availability under particular soil conditions [16]. At the same time, Ca?* may influence
exchange equilibria, ionic strength, root—surface interactions, and competition among
divalent ions; consequently, the response may vary among elements, plant species and
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substrate conditions. The contrast between CaCl, and NH,Cl is particularly informative
because both reagents supplied chloride but differed in their accompanying cation, so their
divergent effects cannot be attributed to chloride alone. The difference is most plausibly
explained by the contrasting behaviour of the cations. Ammonium uptake by roots and,
most importantly, the microbial nitrification of NH,* to nitrate release H* and progressively
acidify the rhizosphere; the resulting decrease in pH can enhance the desorption and
solubility of several cationic metals, which is consistent with the strong, largely root-
directed increases in Zn, V, Cr, Pb, and Cu bioconcentration recorded under NH4Cl in
C. intybus. Calcium, by contrast, is a divalent cation that competes with divalent trace
metals such as Zn?* for exchange and root-uptake sites and tends to raise ionic strength and
promote colloid flocculation rather than to acidify the rhizosphere; this competitive, charge-
screening behaviour is consistent with the predominantly root-retained Zn response and
the limited shoot transfer recorded under CaCl,. These interpretations remain hypotheses,
because rhizosphere pH, solution composition, and element speciation were not measured;
testing them would require monitoring of rhizosphere-solution chemistry in the proposed
validation experiments. More broadly, although chloride-driven metal complexation is well
established in hydrometallurgy, its influence on phytoextraction has rarely been examined;
therefore, the contrasting CaCl, and NH4ClI responses observed here also help to separate
the role of the chloride ligand from that of its accompanying cation.

NH,4Cl produced some of the strongest root bioconcentration responses in C. intybus,
particularly at the intermediate dose. Under NH4CI150, Zn BCFyoot increased from 1.18 to
10.76, representing an approximately nine-fold increase relative to the control, and was
accompanied by a decrease in BCFpo0¢ from 1.68 to 0.945 and in TF from 1.42 to 0.088. The
same treatment increased V BCFoot from 0.099 to 1.99, corresponding to an approximately
20-fold increase, and also increased Cr, Pb, and Cu BCF;ot from 0.226 to 1.65, 0.159 to 0.852,
and 0.271 to 1.02, respectively. In most cases, however, the increase in root enrichment was
not accompanied by a comparable increase in the leaves. NH4CI50 therefore promoted
below-ground retention more clearly than shoot-based extraction in chicory.

The NH4Cl response in Brassica juncea was more variable and also illustrates the need
to interpret TF together with both BCF indices. Under NH4CI150, Y BCF;oot decreased
from 4.85 in the control to 0.859, while TF increased from 0.052 to 0.440; nevertheless,
BCFyhoot remained below 0.4. The increase in TF therefore resulted largely from the lower
root concentration rather than from strong enrichment of the leaves. A higher TF should
not automatically be interpreted as evidence of improved phytoextraction when BCFyp o0t
remains low.

The absence of a consistent dose-response relationship was evident for all three
reagents: the strongest Cu and Zn root responses to Kl in C. intybus occurred under K120
rather than at the higher doses, and the highest Zn BCF,qt in chicory occurred under
NH,4C150 rather than NH4CI80, while the Zn response to CaCl, in Brassica juncea remained
relatively similar across the three doses. Element uptake depends on interactions among
substrate pH, cation-exchange capacity, competing ions, element bioavailability, and plant
physiology and therefore cannot be expected to increase proportionally with reagent
dose [22,28]. The highest applied dose should consequently not be assumed to represent
the most effective treatment.

Cd requires particularly cautious interpretation. It was below the analytical detection
limit in all substrate samples, and the corresponding BCFyoot and BCFypo0 Values therefore
represent lower bounds rather than exact coefficients. Exact TF values could only be
calculated when Cd was quantitatively determined in both roots and leaves. Although the
results confirm Cd uptake under several treatments, they do not support a precise ranking
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of KI, CaCl,, and NH4Cl according to Cd mobilisation efficiency. Censored values were
therefore excluded from the control-relative FC and log, FC calculations.

Overall, no reagent can be identified as universally optimal. KI produced the most
distinctive response for V and induced strong but frequently root-dominant accumulation
of Cu and Zn; CaCl, promoted substantial Zn accumulation in Brassica roots but produced
limited transfer to the leaves; and NH4ClI generated marked element-specific increases in
root bioconcentration in C. intybus, particularly at the intermediate dose, but these increases
generally did not translate into greater shoot enrichment. Reagent selection must therefore
be tailored to the target element, plant species, and intended remediation pathway. Root
retention may be relevant to immobilisation-oriented applications, whereas harvest-based
phytoextraction or phytomining requires enrichment of above-ground tissues together
with sufficient harvestable biomass. Because dry biomass was not measured, the observed
concentration responses cannot be translated into total element removal or recovery yields.

4.3. Implications for Assisted Phytoremediation as a Nature-Based Solution

The results demonstrate the potential of plant-based management of technogenic
substrates, but they should not be interpreted as evidence of field-scale remediation ef-
fectiveness. The tested material originated from a historical mining waste-rock deposit
rather than directly from an urban soil; nevertheless, it represents a relevant model for
post-mining areas, industrial brownfields, and other disturbed sites where contamination,
poor substrate quality and the need for vegetation establishment occur simultaneously. In
such contexts, phytoremediation can provide a less disruptive alternative to excavation
by maintaining soil cover and allowing treatment to proceed in situ. However, its suit-
ability depends on site-specific contamination, land-use objectives, time constraints, and
acceptable residual risk.

The contrasting responses of the two species have practical implications for designing
assisted phytoremediation systems. Brassica juncea more frequently retained several ele-
ments in the roots, whereas C. intybus promoted greater transfer of selected elements into
the leaves. These responses correspond to different remediation functions: root retention
may contribute to immobilisation and reduced dispersal, while accumulation in harvestable
shoots is required for actual removal from the site. Species selection should therefore be
based on the target elements and remediation objective rather than on a general classifica-
tion of a species as an accumulator. A mixed-species approach could potentially combine
stable vegetation cover with complementary element-allocation strategies, although this
possibility was not directly tested in the present experiment.

The distinction between phytoextraction and phytostabilisation is particularly impor-
tant for the environmental value of the intervention. Root-dominant accumulation does
not remove an element from the site unless the roots are excavated, which would disturb
the substrate and partly negate the low-impact character of the approach. Therefore, root
retention is more relevant where the objective is to reduce mobility and exposure rather
than to decrease the total contaminant inventory. By contrast, elements transferred into
leaves can be removed through periodic harvesting while maintaining much of the root
system and vegetation cover, providing a closer fit with nature-based remediation, as long
as harvested biomass is managed safely and contaminant return through leaf senescence,
litter decomposition, or accidental consumption is prevented.

The use of mobilising agents introduces an additional trade-off: increasing element
availability may improve uptake, but it may also increase the concentration of mobile
elements in the soil solution and thereby enhance leaching or off-site transport. Chemically
assisted phytoextraction can therefore be considered environmentally beneficial only when
mobilisation is temporally synchronised with rapid plant uptake and does not create a
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larger dissolved contaminant pool than the vegetation can capture. Similar concerns have
been raised for conventional chelating agents, whose ability to increase uptake may be
accompanied by groundwater contamination and persistent effects on soil chemistry [11,12].

The present results cannot be used to identify a reagent that could be applied univer-
sally: KI produced pronounced responses for selected elements, particularly V, whereas
CaClp and NH4Cl frequently increased root accumulation without proportionally en-
hancing shoot enrichment. The absence of consistent dose-dependent responses further
indicates that reagent application should be optimised for each combination of substrate,
plant and target element. The lowest effective dose would generally be preferable because
it would reduce reagent inputs and potential ecological side effects. Before field appli-
cation, the treatments would require assessment of pore-water concentrations, leaching,
changes in pH and salinity, nutrient availability, and responses of soil microorganisms and
non-target vegetation.

The common application of citric acid to all experimental variants must also be consid-
ered when transferring the results to practice, as citric acid may increase element availability
while also influencing plant tolerance and rhizosphere chemistry. Consequently, the present
experiment evaluates the additional effects of KI, CaCl,, and NH4Cl against a citric-acid-
treated control rather than against a completely untreated substrate. A field validation
should therefore include both an untreated reference and a citric-acid-only treatment to
distinguish the contribution of the organic acid from that of the inorganic reagents.

The simultaneous presence of potentially toxic elements and critical raw materials
creates a possible link between remediation and resource recovery. Phytomining has been
proposed for urban soils, mine wastes, and other low-grade secondary resources where
conventional extraction is economically or environmentally unsuitable [29,30]. Plant-based
recovery may therefore contribute to a circular approach in which contaminated land is
managed while selected valuable elements are concentrated in biomass.

Nevertheless, the present Y results mainly indicate root retention and do not demon-
strate conventional shoot-based phytomining. Commercial phytomining requires plants
that combine high target-element concentrations in above-ground tissues with substantial
biomass production, tolerance, repeated regrowth, and efficient harvesting. The suitability
of a “metal crop” is also location-specific and depends on climate, substrate conditions and
ecological compatibility [27]. The concentrations obtained in non-specialised plants should
therefore be viewed as an initial screening signal rather than evidence that recoverable
quantities of Y or other critical elements can already be produced.

Field evidence from reclaimed Bulgarian tailings similarly shows that naturally occur-
ring vegetation can absorb REEs but shoot bioconcentration may remain low even after
long-term ecosystem development [24]. This supports the use of locally adapted species
for screening and revegetation, while also showing that natural establishment alone may
not provide sufficient enrichment for resource recovery. Assisted systems may improve up-
take, but the ecological costs of reagent application must be balanced against any increase
in accumulation.

Even where plant accumulation is sufficient, phytomining does not end with harvest-
ing; it includes a complete chain of phytoextraction, biomass enrichment, and final element
recovery. Processing options may include drying, combustion, pyrolysis, hydrometallurgi-
cal extraction, or conversion of biomass into functional materials. These stages determine
whether the accumulated elements become recoverable products or merely contaminated
plant waste. Current research on REE and noble-metal phytomining identifies biomass
processing and selective extraction as major technical and economic limitations [31].

Biomass management is also essential from a remediation perspective. Harvested
plant material enriched with contaminants cannot be used as conventional fodder, compost
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or unrestricted biomass, and inappropriate disposal could return accumulated elements
to the environment or transfer them to another exposure pathway. Any field application
must therefore include a predetermined route for collection, storage, transport, treatment,
and final recovery or disposal. The environmental performance of the system should be
evaluated across the full life cycle rather than only at the plant-uptake stage.

Several limitations prevent quantitative evaluation of the proposed approach. Dry
biomass was not determined, so total element uptake and removal per plant, pot, or unit
area cannot be calculated. Moreover, the use of one composite analytical sample per
species x treatment combination prevents estimation of within-treatment variability and
inferential assessment of reagent effects. The experiment also did not measure changes
in the mobile substrate fraction, pore water, leachate, plant physiological stress, microbial
communities, or contaminant concentrations before and after repeated harvest cycles. As a
result, the current findings identify promising accumulation and allocation patterns but
cannot establish remediation rates, required treatment duration, environmental safety,
or economic viability. In addition, element valence states and speciation, rhizosphere-
solution (filtrate) composition, and pH dynamics were not determined, so the mobilisation
mechanisms underlying the observed reagent effects remain hypothetical and could not
be confirmed. Because dry root and shoot biomass was not measured, absolute element
uptake per plant or per unit area could not be quantified; therefore, the figures presented
here are restricted to concentration-based indices rather than mass-based removal.

A subsequent validation should therefore use independent biological replicates and
include untreated, citric-acid-only, and reagent-treated controls. It should also quantify
dry root and shoot biomass, total element uptake, changes in substrate concentrations and
geochemical fractions, pore-water and leachate chemistry, plant tolerance, and effects on
soil biota. Repeated cultivation and harvesting would be required to determine whether
accumulation is maintained and whether the substrate is progressively depleted. The
final assessment should compare the environmental and economic performance of the full
plant-reagent-harvest-biomass-processing system with alternative remediation options.

Overall, the study supports chemically assisted phytoremediation as a screening-
stage nature-based approach rather than as an already validated remediation technology.
Its principal contribution is the demonstration that plant species, target element, and
reagent jointly determine whether accumulation is directed towards the roots or harvestable
leaves, providing a basis for designing element-specific strategies for disturbed mining
and industrial substrates. However, demonstrating an effective nature-based solution
requires evidence that the intervention produces measurable contaminant reduction or safe
immobilisation while maintaining vegetation, avoiding secondary pollution, and providing
a feasible route for managing the contaminated biomass.

5. Conclusions

This study showed that element accumulation and allocation in plants grown on
a technogenic mining substrate were controlled primarily by the interaction between
plant species, target element, and mobilising treatment. Neither Cichorium intybus nor
Brassica juncea was consistently superior across all analysed elements: Brassica juncea
more frequently exhibited strong root accumulation of elements such as Y, Sr, Th, and Zn,
whereas C. intybus generally promoted greater transfer of selected elements, including
Rb, St, Pb, and Cu, towards the leaves. These contrasting patterns indicate that plant
selection for assisted phytoremediation should be based on the target element and intended
remediation pathway.

The effects of KI, CaCl,, and NH4Cl were similarly selective. The control-relative
analysis showed both increases and decreases in BCFyoot, BCFghoot, and TF, while most

https://doi.org/10.3390/pr14182910


https://doi.org/10.3390/pr14182910

Processes 2026, 14, 2910

23 of 25

complete dose series were non-monotonic. KI produced the clearest response for V and
also increased root accumulation of Cu and Zn under selected treatments. CaCl, promoted
predominantly root-oriented Zn accumulation in Brassica juncea, whereas NH4Cl generated
marked increases in the root bioconcentration of several elements in C. intybus, particularly
at the intermediate dose. These increases did not consistently result in greater shoot
enrichment; therefore, no reagent can be identified as universally optimal, and the highest
tested dose should not be assumed to provide the most effective response.

Joint interpretation of BCFoot, BCFyhoot, and TF was essential. High root bioconcen-
tration accompanied by limited translocation indicates root-focused accumulation but does
not, by itself, confirm phytostabilisation. Similarly, a TF above 1 may reflect preferential
internal allocation without substantial enrichment relative to the substrate. Harvest-based
phytoextraction requires enrichment of above-ground tissues, effective translocation, and
sufficient biomass production. Because dry biomass was not measured, the present results
describe concentration and allocation patterns but do not quantify total element removal or
recovery yield.

The results support the further investigation of chemically assisted phytoremediation
as a nature-based approach for post-mining areas, industrial brownfields, and other techno-
genic substrates. Its practical application would require independent biological replication,
untreated and citric-acid-only controls, measurements of plant biomass and total uptake,
repeated cultivation and harvesting cycles, and monitoring of pore water, leachate and mo-
bile element fractions. Safe management and potential processing of the harvested biomass
must also be incorporated into the remediation design. The findings therefore provide a
screening-level basis for developing element-specific plant-reagent combinations, rather
than evidence of an already validated field-scale remediation or phytomining system.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation  Definition

BCF Bioconcentration factor
BCFroot Root bioconcentration factor
BCFshoot Shoot bioconcentration factor
CaCl, Calcium chloride

CRM(s) Critical raw material(s)

FC Fold change

KI Potassium iodide

log, FC Base-2 logarithm of fold change
NBS Nature-based solution(s)
NH,4Cl Ammonium chloride

NPK Nitrogen—phosphorus—potassium
n.c. Not calculable

REE(s) Rare earth element(s)

TF Translocation factor

XRF X-ray fluorescence

References

1. Ghosh, M,; Singh, S.P. A Review on Phytoremediation of Heavy Metals and Utilization of Its By-products. Appl. Ecol. Environ.
Res. 2005, 3, 1-18. [CrossRef]

2. Mahar, A; Wang, P; Ali, A.; Awasthi, M.K,; Lahori, A.H.; Wang, Q.; Li, R.; Zhang, Z. Challenges and Opportunities in the
Phytoremediation of Heavy Metals Contaminated Soils: A Review. Ecotoxicol. Environ. Saf. 2016, 126, 111-121. [CrossRef]
[PubMed]

3. Vangronsveld, J.; Herzig, R.; Weyens, N.; Boulet, J.; Adriaensen, K.; Ruttens, A.; Thewys, T.; Vassilev, A.; Meers, E.; Nehnevajova, E.;
et al. Phytoremediation of Contaminated Soils and Groundwater: Lessons from the Field. Environ. Sci. Pollut. Res. 2009, 16,
765-794. [CrossRef] [PubMed]

4.  Thijs, S,; Sillen, W.; Weyens, N.; Vangronsveld, ]. Phytoremediation: State-of-the-Art and a Key Role for the Plant Microbiome in
Future Trends and Research Prospects. Int. |. Phytoremediation 2017, 19, 23-38. [CrossRef] [PubMed]

5. Grohol, M.; Veeh, C. Study on the Critical Raw Materials for the EU 2023—Final Report; Directorate-General for Internal Market,
Industry, Entrepreneurship and SMEs, European Commission; Publications Office of the European Union: Luxembourg, 2023.
[CrossRef]

6.  Kumar, PB.A.N.; Dushenkov, V.; Motto, H.; Raskin, I. Phytoextraction: The Use of Plants to Remove Heavy Metals from Soils.
Environ. Sci. Technol. 1995, 29, 1232-1238. [CrossRef] [PubMed]

7. Ebbs, S.D.; Lasat, M.M.; Brady, D.J.; Cornish, J.; Gordon, R.; Kochian, L.V. Phytoextraction of Cadmium and Zinc from a
Contaminated Soil. J. Environ. Qual. 1997, 26, 1424-1430. [CrossRef]

8. Wu, S; Yang, Y.; Qin, Y.; Deng, X.; Zhang, Q.; Zou, D.; Zeng, Q. Cichorium intybus L. Is a Potential Cd-Accumulator for
Phytoremediation of Agricultural Soil with Strong Tolerance and Detoxification to Cd. ]. Hazard. Mater. 2023, 451, 131182.
[CrossRef] [PubMed]

9. Marchiol, L.; Sacco, P.; Assolari, S.; Zerbi, G. Reclamation of Polluted Soil: Phytoremediation Potential of Crop-Related Brassica
Species. Water Air Soil Pollut. 2004, 158, 345-356. [CrossRef]

10. Zeng, X; Yang, Y.; Zhang, Q.; Zeng, C.; Deng, X.; Yuan, H.; Gong, X.; Zou, D.; Zeng, Q. Field-Scale Differences in Rhizosphere
Micro-Characteristics of Cichorium intybus, Ixeris polycephala, Sunflower, and Sedum alfredii in the Phytoremediation of
Cd-Contaminated Soil. Ecotoxicol. Environ. Saf. 2023, 262, 115137. [CrossRef] [PubMed]

11. Evangelou, M\W.H.; Ebel, M.; Schaeffer, A. Chelate-Assisted Phytoextraction of Heavy Metals from Soil: Effect, Mechanism,
Toxicity, and Fate of Chelating Agents. Chemosphere 2007, 68, 989-1003. [CrossRef] [PubMed]

12.  Lestan, D.; Luo, C.; Li, X. The Use of Chelating Agents in the Remediation of Metal-Contaminated Soils: A Review. Environ.
Pollut. 2008, 153, 3-13. [CrossRef] [PubMed]

13.  Gréman, H.; Velikonja-Bolta, S.; Vodnik, D.; Kos, B.; Lestan, D. EDTA Enhanced Heavy Metal Phytoextraction: Metal Accumula-
tion, Leaching and Toxicity. Plant Soil 2001, 235, 105-114. [CrossRef]

14. Lamb, A.E.; Anderson, C.W.N.; Haverkamp, R.G. The Induced Accumulation of Gold in the Plants Brassica juncea, Berkheya

coddii and Chicory. Chem. N. Z. 2001, 65, 34-36.

https://doi.org/10.3390/pr14182910


https://doi.org/10.15666/aeer/0301_001018
https://doi.org/10.1016/j.ecoenv.2015.12.023
https://www.ncbi.nlm.nih.gov/pubmed/26741880
https://doi.org/10.1007/s11356-009-0213-6
https://www.ncbi.nlm.nih.gov/pubmed/19557448
https://doi.org/10.1080/15226514.2016.1216076
https://www.ncbi.nlm.nih.gov/pubmed/27484694
https://doi.org/10.2873/725585
https://doi.org/10.1021/es00005a014
https://www.ncbi.nlm.nih.gov/pubmed/22192016
https://doi.org/10.2134/jeq1997.00472425002600050032x
https://doi.org/10.1016/j.jhazmat.2023.131182
https://www.ncbi.nlm.nih.gov/pubmed/36921417
https://doi.org/10.1023/B:WATE.0000044862.51031.fb
https://doi.org/10.1016/j.ecoenv.2023.115137
https://www.ncbi.nlm.nih.gov/pubmed/37320919
https://doi.org/10.1016/j.chemosphere.2007.01.062
https://www.ncbi.nlm.nih.gov/pubmed/17349677
https://doi.org/10.1016/j.envpol.2007.11.015
https://www.ncbi.nlm.nih.gov/pubmed/18155817
https://doi.org/10.1023/A:1011857303823
https://doi.org/10.3390/pr14182910

Processes 2026, 14, 2910 25 of 25

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

Houba, V].G.; Temminghoff, E.J.M.; Gaikhorst, G.A.; van Vark, W. Soil Analysis Procedures Using 0.01 M Calcium Chloride as
Extraction Reagent. Commun. Soil Sci. Plant Anal. 2000, 31, 1299-1396. [CrossRef]

Weggler, K.; McLaughlin, M.J.; Graham, R.D. Effect of Chloride in Soil Solution on the Plant Availability of Biosolid-Borne
Cadmium. J. Environ. Qual. 2004, 33, 496-504. [CrossRef] [PubMed]

Shakoor, M.B.; Ali, S.; Hameed, A.; Farid, M.; Hussain, S.; Yasmeen, T.; Najeeb, U.; Bharwana, S.A.; Abbasi, G.H. Citric Acid
Improves Lead (Pb) Phytoextraction in Brassica napus L. by Mitigating Pb-Induced Morphological and Biochemical Damages.
Ecotoxicol. Environ. Saf. 2014, 109, 38-47. [CrossRef] [PubMed]

Afshan, S.; Ali, S.; Bharwana, S.A.; Rizwan, M.; Farid, M.; Abbas, E.,; Ibrahim, M.; Mehmood, M.A.; Abbasi, G.H. Citric Acid
Enhances the Phytoextraction of Chromium, Plant Growth, and Photosynthesis by Alleviating the Oxidative Damages in Brassica
napus L. Environ. Sci. Pollut. Res. 2015, 22, 11679-11689. [CrossRef] [PubMed]

Turgut, C.; Pepe, M.K.; Cutright, T.J. The Effect of EDTA and Citric Acid on Phytoremediation of Cd, Cr, and Ni from Soil Using
Helianthus annuus. Environ. Pollut. 2004, 131, 147-154. [CrossRef] [PubMed]

Chen, Y.X; Lin, Q.; Luo, YM.; He, Y.E; Zhen, S.J.; Yu, Y.L.; Tian, G.M.; Wong, M.H. The Role of Citric Acid on the Phytoremediation
of Heavy Metal Contaminated Soil. Chemosphere 2003, 50, 807-811. [CrossRef] [PubMed]

Szczygtowska, M.; Piekarska, A.; Konieczka, P.; Namiesnik, J. Use of Brassica Plants in the Phytoremediation and Biofumigation
Processes. Int. ]. Mol. Sci. 2011, 12, 7760-7771. [CrossRef] [PubMed]

Bortoloti, G.A.; Baron, D. Phytoremediation of Toxic Heavy Metals by Brassica Plants: A Biochemical and Physiological Approach.
Environ. Adv. 2022, 8, 100204. [CrossRef]

Guérin, T.; Ghinet, A.; Waterlot, C. The Phytoextraction Power of Cichorium intybus L. on Metal-Contaminated Soil: Focus
on Time- and Cultivar-Depending Accumulation and Distribution of Cadmium, Lead and Zinc. Chemosphere 2022, 287, 132122.
[CrossRef] [PubMed]

Petrov, P; Stefanova, V. Potential for Phytomining of Rare Earth Elements by Naturally Occurring Plants in Reclaimed Tailing
Ponds. Int. . Conserv. Sci. 2023, 14, 1071-1080. [CrossRef]

Gmur, D.; Siebielec, G.; Pecio, M. Differences in Accumulation of Rare Earth Elements by Plants Cultivated in Soil and Substrates
from Industrial Waste Materials. Plants 2025, 14, 589. [CrossRef] [PubMed]

Richardson, K.; Aylward, A.; Mirkouei, A.; Duellman, K. Phytomining of Rare Earth Elements Using Native Hyperaccumulator
Plants and Surface Soils from Idaho, USA. Sci. Total Environ. 2025, 1008, 180964. [CrossRef] [PubMed]

Huang, C.-L,; Xie, C.-D.; Rylott, E.L.; van der Ent, A.; Liu, W.-S.; Morel, J.L.; Baker, A.].M.; Wang, P.; Tang, Y.-T.; Qiu, R.-L.
Phytomining of Rare Earth Elements from Soils Using Plants. Commun. Earth Environ. 2026, 7, 402. [CrossRef]

Sheoran, V.; Sheoran, A.S.; Poonia, P. Factors Affecting Phytoextraction: A Review. Pedosphere 2016, 26, 148-166. [CrossRef]
Gawronski, S.; Lutezyk, G.; Szulc, W.; Rutkowska, B. Urban Mining: Phytoextraction of Noble and Rare Earth Elements from
Urban Soils. Arch. Environ. Prot. 2022, 48, 24-33. [CrossRef]

Medina-Diaz, H.L.; Lépez-Bellido, FJ.; Alonso-Azcarate, ].; Fernandez-Morales, EJ.; Rodriguez, L. Can Rare Earth Elements Be
Recovered from Abandoned Mine Tailings by Means of Electrokinetic-Assisted Phytoextraction? Environ. Sci. Pollut. Res. 2024,
31, 26747-26759. [CrossRef] [PubMed]

Kovacs, H. Extraction of Noble Metals and Rare Earth Elements Using Plants. Curr. Opin. Chem. Eng. 2025, 50, 101192. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pr14182910


https://doi.org/10.1080/00103620009370514
https://doi.org/10.2134/jeq2004.4960
https://www.ncbi.nlm.nih.gov/pubmed/15074800
https://doi.org/10.1016/j.ecoenv.2014.07.033
https://www.ncbi.nlm.nih.gov/pubmed/25164201
https://doi.org/10.1007/s11356-015-4396-8
https://www.ncbi.nlm.nih.gov/pubmed/25850739
https://doi.org/10.1016/j.envpol.2004.01.017
https://www.ncbi.nlm.nih.gov/pubmed/15210283
https://doi.org/10.1016/S0045-6535(02)00223-0
https://www.ncbi.nlm.nih.gov/pubmed/12688495
https://doi.org/10.3390/ijms12117760
https://www.ncbi.nlm.nih.gov/pubmed/22174630
https://doi.org/10.1016/j.envadv.2022.100204
https://doi.org/10.1016/j.chemosphere.2021.132122
https://www.ncbi.nlm.nih.gov/pubmed/34523454
https://doi.org/10.36868/IJCS.2023.03.19
https://doi.org/10.3390/plants14040589
https://www.ncbi.nlm.nih.gov/pubmed/40006848
https://doi.org/10.1016/j.scitotenv.2025.180964
https://www.ncbi.nlm.nih.gov/pubmed/41264944
https://doi.org/10.1038/s43247-026-03549-1
https://doi.org/10.1016/S1002-0160(15)60032-7
https://doi.org/10.24425/aep.2022.140763
https://doi.org/10.1007/s11356-024-32759-3
https://www.ncbi.nlm.nih.gov/pubmed/38456984
https://doi.org/10.1016/j.coche.2025.101192
https://doi.org/10.3390/pr14182910

	Introduction 
	Materials and Methods 
	Study Site and Substrate Collection 
	Experimental Design and Plant Cultivation 
	Reagent Application and Sample Coding 
	Elemental Analysis 
	Bioconcentration, Translocation and Treatment Response 
	Data Analysis 

	Results 
	Elemental Concentrations in the Substrate and Plant Tissues 
	Availability of Bioconcentration and Translocation Indices 
	Root Bioconcentration 
	Treatment Responses Relative to Species-Specific Controls 
	Shoot Bioconcentration 
	Root-to-Shoot Translocation 
	Treatment-Specific Response Patterns 

	Discussion 
	Species-Specific Patterns of Element Accumulation 
	Effects of KI, CaCl2 and NH4Cl Treatments 
	Implications for Assisted Phytoremediation as a Nature-Based Solution 

	Conclusions 
	References

