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Abstract

Soil heavy metal contamination poses a major environmental threat, negatively impact-
ing ecosystems, agricultural productivity, and human health. Phytoremediation offers
eco-sustainable alternatives to conventional remediation techniques by employing plant
species capable of extracting and stabilizing pollutants. This study assesses the potential
of Cannabis sativa L. var. ‘Carmagnola’ for the remediation of Pb, Cr, Cu, and Ni from
four different growth substrates. This species was selected for its high biomass yield,
tolerance to toxic environments, and capacity for heavy metal accumulation. Experimental
results showed that the composition of the growing substrate significantly affected HM
uptake, with higher accumulation occurring in less compact mixed substrates. HM removal
from contaminated growth substrates varied between 55 and 75% for Cr, 60-78% for Ni,
32-86% for Cu and 43-84% for Pb after four months of growth in a greenhouse environ-
ment. In addition to pollutant removal efficiency, the study explored thermochemical
harvested biomass post-processing via pyrolysis in order to produce biochar, a material
with recognized agronomic beneficial properties and positive environmental value. Biochar
generated from harvested biomass after phytoremediation tests showed residual HM con-
tent lower than the applicable EU thresholds for agricultural soil amendment. Integrating
bioremediation with biochar production can promote a circular bioeconomy approach to
environmental restoration, by transforming contaminated residual biomass into a useful
resource rather than waste. These findings support the feasibility potential of coupling C.
sativa phytoremediation and biochar production as an environmentally sustainable strategy
for large-scale remediation of heavy metal-contaminated soils.

Keywords: hemp; bioremediation; pyrolysis; biochar heavy metal pollution; circular
economy; eco-sustainability

1. Introduction

Soil pollution caused by heavy metals (HM) released by anthropogenic activities is a
major environmental issue. Due to their high toxicity and environmental persistence, HMs
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not only compromise soil health but also pose serious risks of groundwater contamination
and biomagnification along the food chain, ultimately affecting both environmental and
human health [1,2]. Several remediation strategies have been developed to address HM-
contaminated soils, including physical, chemical and biological remediation [3]. However,
conventional approaches are often hindered by high operational costs, limited site applica-
bility and environmental drawbacks [4]. In contrast, phytoremediation has emerged as a
promising green alternative as an in situ, cost-effective and environmentally sustainable
technology that uses plants and their associated microbiota to extract, stabilize or degrade
soil pollutants [5].

Phytoremediation mechanisms include extraction, filtration and degradation (or ac-
cumulation) of soil contaminants, which are transferred to roots, leaves, and stems, with
different plants showing different final maximum concentrations in their various parts [6].
Phytoremediation can be further classified as phytostabilization, a bioremediation tech-
nique whereby plants reduce contaminants’ (especially HMs) mobility in soil without
necessarily removing them from the site, and phytodegradation, in which plants break
down organic contaminants through self-produced enzymes or via metabolic processes tak-
ing place within the plant itself. In the case of HMs phytoremediation, metal uptake occurs
primarily in roots and may extend to stems and leaves, depending on plant species and
the specific metal involved. While the effectiveness of phytoremediation largely depends
on plant tolerance and uptake efficiency, the challenge of safely managing the resulting
contaminated biomass remains an open issue [7]. Selecting the appropriate plant species is
critical: ideal candidates should combine high biomass yield, strong metal tolerance and
accumulation capacity, while also minimizing food chain risks and allowing productive
residual exploitation for Circular Economy uses.

Non-food, fast-growing crops with industrial value—such as Cannabis sativa L.
(hemp)—represent particularly attractive options for bioremediation applications [8]. Hemp
is a resilient year-round crop from the Cannabaceae family. Its industrial variety contains low
levels of tetrahydrocannabinol (THC), making its cultivation generally legally permissible.
The plant’s versatility extends across numerous industries, including seed oil production,
textiles, biocomposites, construction materials, bioenergy, and pharmaceuticals [9-12];
it grows quickly and easily in most climates, without the need for chemical fertilizers,
excessive irrigation or pesticides, and tolerates high HM concentrations in soil [13]. Com-
pared with other bioremediation plant species, it produces a larger above-ground biomass
quantity with an equal land footprint [14]; this allows the recovery of greater amounts
of secondary products after biomass treatment, with potentially larger economic returns.
Furthermore, its fast growth increases the CO; sequestration potential: for this reason, the
European Commission indicated industrial hemp as a promising candidate crop for achiev-
ing carbon neutrality by 2050, as well as a means to support Sustainable Development
Goals [15].

Cannabis sativa biomass is extensively used in commercial and industrial applications,
ranging from textiles to building materials and to foodstuffs and multipurpose energy
applications [16-18]. Appropriate biomass reuse could foster the development of virtuous
Circular Economy cycles [19,20]. However, due to its residual contamination generated as
a result of the remediation process, proper consideration should be given to its subsequent
disposal or productive reuse: possible HM accumulation in biomass may restrict specific
end-uses, particularly those involving food, feed or fibers for human contact.

To address the dual challenge of soil decontamination and safe biomass disposal and
reuse, this study investigates the use of Cannabis sativa ‘Carmagnola’ in the phytoremedia-
tion of different HM-contaminated substrates under controlled greenhouse conditions and
explores the feasibility of the potential valorization of harvested biomass through biochar
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production. Biochar is a charcoal-like substance that is obtained from organic materials,
i.e., biomass of varied origin, via a controlled thermal process in an oxygen-depleted at-
mosphere, known as pyrolysis, which can achieve substantial reduction in the original
biomass volume, stabilize organic matter, and recover valuable products [21]. Biochar
is a black, highly porous, fine-grained, and lightweight substance with a large surface
area [22]; it is also classified as a second-generation, alternative biofuel [23]. Furthermore,
pyrolysis shows potential to immobilize most HMs present in processed substrates within
its structure, thereby preventing their subsequent leaching and bioavailability to plants
and microorganisms in soils [24]. The study, therefore, also aims to fill the research gap
concerning the implications of post-phytoremediation biomass pyrolysis treatment for soil
amendment applications.

2. Materials and Methods

Cannabis sativa ‘Carmagnola’ was chosen for the study due to its previous referenced
use in various phytoremediation studies [25,26] and its availability at a local licensed nurs-
ery (“Weester”, Pavia, Italy), from which 14 seedlings were purchased. The ‘Carmagnola’
cultivar has an annual lifespan with a vegetative cycle from February to the beginning of
July, followed by a flowering cycle with exponential flower growth ending in September.
It is very resilient to parasites and extreme climate conditions and can survive in heavily
polluted soils with fast growth, low water and nutrient requirements, and remarkable
biomass productivity. For these characteristics, it can be considered a good candidate crop
for phytoremediation applications [27,28]. Another important feature of this crop is the
root extension: these can easily reach a depth of 2 m, allowing individual plants to gain
considerable stability, extract high amounts of nutrients from soils, and possibly reach
superficial aquifers, if present.

Seedlings were individually bedded at the beginning of the growing season (late
February) into pots of 23 L capacity, each filled with substrates of different compositions
(Table 1): peat, topsoil, peat-topsoil and peat-sand, prepared at the Department of Agri-
culture, Food, Environment and Forestry (DAGRI), University of Florence, from selected
individual sources. The peat substrate consisted of a commercial medium, mix of Irish
and Baltic sphagnum, coconut fiber and bark humus (‘Cuore di Terriccio’, Vigorplant
Italia SRL, Fombio, Lodji, Italy); sand consisted of commercially available river sand with
granulometry ranging from 0.8 to 2 mm, purchased from a local garden center; topsoil was
extracted from an agricultural field near Florence, Italy (coordinates 44,0019°, 11,3196°)
and consisted of unconsolidated fluviolacustrine clays and silts, with a silty clay loam
texture, identified as Calcaric Cambisols, according to WRB’s classification [29], which was
dried and sieved at 2 mm size before use. The specific substrates were chosen to study
hemp’s growth and HM phytoremediation behavior in different settings: peat was selected
to simulate an optimal cultivation environment, topsoil to simulate real local growing
field conditions, and the remaining two to simulate other commonly encountered mixed
soil matrices. Triplicate units of each substrate were created; “control” conditions were
simulated in duplicate with a peat-only substrate. In addition, each bedding pot contained
a thin bottom layer of expanded clay pellets for leachate control, and a large saucer was
placed under each to collect any potential leachate that would not be retained by the latter.

After transplantation, all plants were apically pruned to stimulate lateral growth. Two
weeks after planting, all pots (with exception of the two controls) were contaminated with
equal volumes of a solution containing four heavy metals (Cu, Cr, Ni, Pb) prepared from dis-
solving their salts (Cu(NOs), 3H,0O; (CH3CO,)7Cr3(OH);; Ni(NOs), 6H,O; Pb(C,H30,);)
in MilliQ water, in such proportions as to obtain final soil concentrations higher than the
admissible limits established by current Italian legislation (Legislative Decree A52/2006
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Annex 5, Part IV, Table 1) for public and private green areas, i.e., Pb < 100 mg/kg d.w.; Cu,
Ni <120 mg/kg d.w.; Cr < 150 mg/kg d.w. The two peat-filled “control” pots remained
uncontaminated as “blanks”. The final combinations of substrates and contaminant amend-
ments are reported in Table 1. As the same volume of contaminated solution was used in
all pots, calculated HMs concentration on a dry mass basis varied due to differences in the
specific weight of the fill material.

Table 1. Substrate composition, weight, bulk density (BD), pH, Cu, Ni, Pb, and Cr concentration in

bedding pots.

Substrate Composition Weight BD H Cu?* Ni2* Pb** Cr
Type [% by Volumel [kgl lglem®] P [mg/kg] [mg/kg] [mg/kg] [mg/kg]

Control 100 Peat 7 0.30 6.8 nd nd nd nd

Peat 100 Peat 7 0.30 6.9 394 394 329 493

Topsoil 100 Topsoil 24 1.04 7.3 120 120 100 150

Topsoil20 80 Peat/20 Topsoil 12 0.52 6.4 120 251 251 209

Sand20 80 Peat/20 Sand 12 0.52 6.5 120 251 251 209

nd: not determined.

Cultivation was carried out in a greenhouse at DAGRI (Figure 1) in order to minimize
any external interference (e.g., atmospheric pollutants deposition, rainwater contribution,
etc.) on the experiment. A regular, standardized watering schedule was established,
consisting of 500 mL tap water every other day, to avoid generation of leachate from the
pots. No fertilizers or pesticides were used.

Figure 1. Pots with Cannabis Sativa plants approximately one month after bedding.

2.1. Plant Growth and Sampling

After four months of greenhouse growth during which all plants survived and flour-
ished, the leaves’ chlorophyll content was evaluated to assess the plants” health status.
Chlorophyll allows sunlight absorption to carry out photosynthesis, thus its concentration
in leaves is considered proportional to the “health status” of the plant: the higher the value,
the better the plant’s condition. Chlorophyll content was determined using a portable
SPAD-502 Plus chlorophyll meter (Konica Minolta Italia Spa, Milano, Italy). The device
non-destructively measures leaves’ absorbance of red (650 nm) and near-infrared (950 nm)
wavelengths as SPAD (Soil and Plant Analysis Development) value, which serves as a proxy
for actual chlorophyll concentration. SPAD measurements were made on 10 basal leaves
and 10 top leaves, randomly selected, for each plant; 3 readings in 3 different positions
were made for each leaf and then averaged. Care was taken so the instrument sensor would
not damage the leaf surface. The average single leaf values were then averaged for each
homogeneous (basal, top) leaf group for each plant.
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When growth reached an average height of about 1 m (after about 5 months),
10 bottom and 10 top leaves, representing old and new growth, respectively, were col-
lected from each plant. All the flowers were also collected. Incidentally, it was noticed that
plants grown in 100% topsoil substrate presented fewer flowers than the others; however,
these were much larger in size and more mature.

Individual plants were then uprooted from their substrate and stems were separated
from their root systems; plants grown in 100% topsoil substrate showed less developed
roots, much finer and shorter, compared to those in other substrates, which were thicker
and even spiralized due to vigorous growth in a confined space. This was attributed
to the greater compaction and lower porosity of the growing substrate. The entire green
apparatus, roots as well as substrate samples, were then collected, cleaned from soil residue,
individually weighed, placed in a ventilated oven at 70 °C for drying, and stored in marked
plastic bags.

2.2. Thermogravimetric Analysis and Pyrolysis

Thermogravimetric Analysis (TGA) was used as a preliminary step to assess biomass
properties prior to subsequent processing. TGA quantifies the mass loss of a sample as
a function of temperature, without providing information on its qualitative composition.
TGA was conducted with a METTLER TOLEDO TGA 1 (Mettler Toledo SpA, Milan, Italy)
instrument with a STARe System for data collection and analysis. Previously dried biomass
fractions (basal and apical leaves, branches, stem, and roots) were separately ground and
homogenized in a marble mortar. About 5 mg of each sample was used, heated from
25 °C at a constant rate of 10 °C/min to 800 °C in a Np-flushed, oxygen-free atmosphere
at a flux of 50 mL/min to replicate the anoxic conditions expected during pyrolysis. The
investigated temperature interval of interest for pyrolysis processing was set between
200 and 600 °C, as this range encompasses the main degradation steps of carbonaceous
material: specifically, moisture release occurs up to 100-150 °C; decomposition of total
organic carbon (TOC) takes place between 150 and 400 °C; and degradation of elemental
carbon (residual oxidizable carbon) is observed between 400 and 600 °C. At temperatures
above 600 °C, breakdown of inorganic carbon-containing and carbon-free compounds
occurs [30]. TGA was therefore conducted in this temperature range.

Pyrolysis was carried out in an electrically heated furnace: 250 mg samples were
placed in the furnace inside a quartz vessel under vacuum, a spiral condenser inside
a liquid nitrogen-containing dewar flask allowed potentially damaging py-gas cooling
before they could reach the vacuum pump. Due to the specific setup, it was not possible
to analyze gas composition. Samples were heated from room temperature (20 °C) at a
constant 10 °C/min rate until the set temperature of 400 °C was reached, after which the
furnace was turned off and the vessel was left to cool to room temperature for sample
extraction. This temperature was selected despite TGA showing organic mass loss until
550 °C, since the initial investigation objective was not to achieve complete carbonization
of organics, but the production of biochar with good functional properties, as explained in
Section 3.1.

2.3. Elementary (CHNS) and Electrophoretic Mobility Analyses

CHNS (Carbon, Hydrogen, Nitrogen, Sulphur) analysis represents a key point for
determining biochar quality because it is closely related to its behavior in soils. In fact,
inadequately pyrolyzed biomass may provide too much C without sufficient N, resulting
in N immobilization and, therefore, exert negative short-term effects on crop yield when
used as a soil amendment [31].
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After pyrolysis, a few milligrams of each of the three individual biochar samples
obtained from each of the different substrates” biomass were pooled and analyzed using a
Thermo Scientific FlashSmart Elemental Analyzer CHNS/O instrument (Thermo Fisher
Scientific GmbH, Bremen, Germany).

To complete the characterization of biochar, samples were also analyzed using a Zeta-
sizer PRO Red Label instrument (Malvern Panalytical, Great Malvern, UK) to determine
their (-potential and electrical conductivity. (-potential measurements were performed
in aqueous suspensions prepared under identical experimental conditions for all samples.
Although pH and ionic strength were not independently adjusted, the use of a consistent
suspension medium allowed reliable comparative evaluation of electrophoretic mobility
among samples. These parameters assess the colloidal stability of the biochar in aqueous
solutions and its capacity to adsorb ions from soluble salts.

2.4. Heavy Metals Analysis

About 250 g of dried biomass fractions (roots, stems, flowers, and bottom and top
leaves) from each experiment were separately placed into Teflon test tubes, diluted with
7 mL of 1M HNOj3 and positioned in a microwave oven for 20 min at 180 °C to achieve
mineralization. Biochar samples were mineralized by dilution with 7 mL 1M HNO3 with
2 mL HyO, over a cast iron heating plate at 80 °C, to speed up the process. Soil samples
were mineralized using nitric acid in a microwave digestion system (Ethos, Milestone,
Milestone SpA, Sorisole, Italy) following the standardized UNI EN 16173:2021 method [32],
which ensures complete digestion of soil matrices for trace metal analysis. Consistent
sample masses were used, and all analyses were performed on triplicate samples to ensure
data reliability; digestion efficiency was ensured by the strict application of the standardized
protocol, specifically designed for the complete mineralization of environmental matrices
prior to elemental analysis. Subsequently, mineralized samples were diluted with Milli-Q
water to a final volume of 40 mL for plant samples and 30 mL for biochar samples. The
resulting solutions were analyzed using an ICP spectrometer (iCAP 7000 Series, Thermo
Fisher Scientific GmbH, Bremen, Germany) to quantify the selected elements based on
their characteristic emission wavelengths (Figure 2). Quantification was carried out using
external calibration curves. In order to verify the possibility of background signal presence
due to procedure contamination, analytical blanks were evaluated by processing reagents
in the absence of a sample. No contamination detection was observed.

| —— Blank —— STD Multi0.1 ppm  —— STD Multi 1 ppm —— STD Mmuilti 10 ppm ‘
16 T T T T T T T T

Intensities (10%)
(o<}
,

t t t t t t
267.68 267.69 267.70 267.71 267.72 267.73 267.74 267.75

Figure 2. Calibration of the ICP Spectometer iCAP 7000 series for the Cr.

2.5. Statistical Analysis

The normality of the data and the homogeneity of variances were assessed using the
Shapiro-Wilk and Levene’s tests, respectively. A one-way analysis of variance (ANOVA)
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was applied to the data and significant differences between means were identified through
Tukey’s post hoc test, with a significance level of p < 0.05. All statistical computations were
conducted using SPSS, version 29 (IBM Corp., Armonk, NY, USA).

3. Results and Discussion

The amounts of biomass fractions and the leaf SPAD indexes of plants grown are
summarized in Table 2. Results are closely related to the type of growing substrate: plants
grown on topsoil-only or topsoil in mixed substrates produced less biomass across all
fraction categories (aboveground, belowground, and floral biomass) compared to the other
substrates. In contrast, peat or peat mixes yielded higher biomass quantities. However, in a
topsoil-only growing substrate, inflorescences exhibited significantly more advanced stages
of maturation despite lower above-ground biomass yield, due to less favorable growth
conditions (Figure 3). These may be related to substrate settling, as its original structure
may have been likely disrupted during drying and sieving prior to its potting, resulting in
higher compaction. Indeed, the initial BD, pH and texture of the used topsoil were initially
supposed to be among the most suitable for hemp growing [33].

Table 2. Aboveground, belowground, flower, and total green biomass (dry weight), SPAD index
of plants grown on different substrates. Values represent the mean =+ standard deviation of the
three same type replicates (pots), save for control, where only two replicates were kept. Apex
notations (a, b, ab) indicate statistical result differences within the same column, according to Tukey’s
test (p < 0.05). Different letters indicate a significant difference; same letters indicate no significant
difference. np: not present.

Aboveground Belowground Total Green . SPAD
Substrate . . . Flowers Biomass
Biomass Biomass Biomass Index
g (dw) g (dw) g (dw) g (dw) -

Control 70.6 +13.92 11.5+5.62 822+ 1952 np 56.7 +7.23b
Peat 36.7 +21.53b 934412 621 +11.62 16.1 +134P 54.0 +9.02
Topsoil 14.0 £5.1P 6.5+252 243 +63P 39+022 593 +£59P
Topsoil20 232+8.1b 7.7 +£3.02 482 + 6.8 17.2 £109°P 552 +7.4°2
Sand20 40.0 + 14.7 b 94 +472 613+ 17.22 11.8 £2.2P 56.4 + 8.1 b

HMs contamination somewhat affected biomass development. As in control pots,
observed aboveground biomass yield was slightly higher than in all contaminated sub-
strates. In particular, control substrates were the only ones where plants did not reach the
flowering stage: in these conditions, all of the plant’s energy seemed geared to spur stem
growth, without production of flowers. It had been observed that the presence of HMs in
soil may reduce hemp photosynthetic performance and growth, and this could lead to a
stress-induced flowering condition [34]. SPAD values had also been reported to be posi-
tively correlated with the availability of key nutrients essential for chlorophyll biosynthesis,
contributing to plants” overall nutritional status [35]. In the present experiment, plants
grown in topsoil showed both the lowest biomass yield and the highest SPAD values: this
could be explained by a stress-related plant strategy to reduce growth while supporting
the synthesis of protective molecules to maintain or improve the efficiency of essential vital
functions, including photosynthesis, in existing tissues [36].

The results of the TGA are summarized in Figure 4: the upper graph shows the
percentage of biomass loss in time as a function of rising temperature; the lower one shows
sample degradation rates. As indicated in Section 2.2, the mass loss curve exhibits an
initial drop due to the loss of water content, followed by a second one associated with
organic matter degradation. Ultimately, the curve reaches a plateau representing the
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residual inorganic fraction (ashes and HMs). No marked differences are evident from
the TGA curves for the different substrates, indicating that different substrates and HMs
concentrations do not substantially affect biomass samples’ thermal behavior.

Figure 3. Mature inflorescence from 100% topsoil substrate.

Mass
Loss

[%]
80
60

40

2l 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 T[C]

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 Time
[min]

Mass

Loss

Rate
[1/min]

=0.02

0 600 650 700 70 Y
~0.04-

Time
[min]

- Controlsamples- Topsoil - Peat -TopsoiIZO- Sand20

Figure 4. Results of TGA showing mass loss of biomass samples for different growing substrates.
Upper graph: percentage mass loss in time as a function of rising temperature. Lower graph:
relationship between time derivative of mass loss and temperature, i.e., the rate of the sample’s mass
loss. Each peak in the second frame represents a specific event of mass loss. Colors represent samples

from different substrates: black—control samples, green—topsoil, red—peat, purple—topsoil20,
blue—sand?20.
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3.1. Biochar Production

Pyrolyzed samples exhibited biochar mass yields (i.e., ratio between biochar and initial
sample weight) ranging from 38% to 42% (Table 3), which are consistent with the expected
outcomes of the pyrolysis process in the range 30-40% according to previous studies [37,38].
As shown in Figure 4 and confirmed by previous studies [39], the observed mass reduction
at 400 °C is due to cellulose and hemicellulose degradation, while the following reduction
pertains to lignin fractions. Cellulose and hemicellulose degradation generally allows for
obtaining biochar with good ionic exchange capacity, due to functional group components
H- and O-, despite its less compact and organized structure [40].

Table 3. Biomass pyrolysed, mass and yield (%) of biochar produced. Values represent the mean £+
standard deviation of three replicates. Apex notations (a, b) indicate statistical difference within the
same column, according to Tukey’s test (p < 0.05). Different letters indicate a significant difference
among substrate samples; the same letters indicate no significant difference.

Substrate Initial Produced Biochar
Biomass Biochar Yield
g (dw) g (dw) %

Control 0.12 += 0.01 0.05 = 0.01 40+ 42
Peat 0.13 £ 0.01 0.05 £ 0.001 39 +£32
Topsoil 0.13 £0.01 0.06 £ 0.01 42 +52
Topsoil20 0.13 £ 0.01 0.05 + 0.01 39 +3P
Sand20 0.14 = 0.01 0.06 £ 0.01 42+12

3.2. Elementary (CHNS) and Electrophoretic Mobility Analyses

Results from CHNS elemental analysis and electrophoretic mobility measurements
are summarized in Table 4. The carbon content of all biochar samples ranged from 40.2% to
43.8%. These relatively low values may be attributed to the mild pyrolysis temperature
(400 °C) applied, not achieving complete organic matter decomposition, as evidenced also
by the TGA profiles already shown in Figure 4. To obtain biochars with higher carbon
content, pyrolysis temperature should be increased to 550-700 °C, as in this range the
typical contents reaches 60-70% [41].

Table 4. Percentage of C, H, N and S from CHNS analysis for the characterization of biochar and
(-potential and conductivity from electrophoretic mobility analysis.

(-Potential

Substrate C [%] H [%] N [%] S [%] [mV]
Control 40.2 £ 040 2.9 +£0.06 3.23 £ 0.06 bdl —-358 £ 1.1
Peat 42.7 +£ 041 3.2+ 0.06 3.61 + 0.07 0.22 £ 0.01 —269 £ 0.5
Topsoil 43.8 £ 0.44 3.8 £0.08 4.79 £ 0.09 0.26 £ 0.01 —28.8£0.5
Topsoil20 41.6 =042 29 £ 0.06 3.75 £0.08 bdl —-26.8 £0.5
Sand20 427 + 043 3.2+ 0.06 3.86 + 0.08 0.26 £ 0.01 —287+15

bdl: below detection limit of 100 ppm (corresponding to ~0.01%).

Under identical experimental conditions, (-potential is widely recognized to provide
a robust indirect but indicative measure of colloidal stability and aggregation tendency of
the analyzed samples, providing meaningful and scientifically sound comparisons among
materials with a similar origin and processing history [42]. In this case, Zeta potential
values were less negative in biochars derived from contaminated substrates (—26.8 to
—28.8 mV) compared with the control ones (—35.5 mV), indicating reduced colloidal
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stability and a higher tendency toward particle aggregation in aqueous environments.
Even though they do not fully describe aggregation mechanisms, these results should
be interpreted as a reliable qualitative comparison reflecting variations in surface charge
characteristics and associated aggregation behavior. These physicochemical characteristics
have direct implications for subsequent potential applications. Specifically, the lower
stability and conductivity of contaminated biochars may limit their use in wet substrates,
where aggregation and reduced cation adsorption could impair their performance. On
the contrary, control samples’ biochar exhibited properties that were more compatible
with stable dispersions and higher ion-exchange capacity, making it more suitable for
agronomic reuse.

3.3. Heavy Metals Analysis

Accumulated HM distributions varied among elements and plant tissues. The highest
concentrations of total Cr were detected in roots and basal leaves of plants grown in
topsoil-based substrates. This may be attributed to the lower porosity of this substrate,
which reduces contaminant dispersion and increases the availability of Cr for plant uptake.
Notably, inflorescences showed comparatively low Cr accumulation, indicating limited
translocation of this element to reproductive organs. Limited Cr accumulation in the
aboveground biomass of C. sativa was also observed by Raimondi et al. [43], although
operating at much lower Cr concentrations (from 24.3 to 87.4 mg/kg) in soils.

Ni exhibited a markedly higher relative overall uptake across all plant parts, particu-
larly in the roots of the plants grown in topsoil. Compared to Cr, Ni absorption was more
evenly distributed, with the exception of both apical and basal leaves, for which the level
of absorption increased in those grown in peat/topsoil substrate.

From the results reported in Table 5, it can be observed that Cu behavior differs from
that of the other elements analyzed Cr, Pb and Ni. Cu concentrations in plant tissues were
generally higher, especially in the roots of plants grown in topsoil-containing substrates.
Interestingly, Cu was also present in considerable amounts in the inflorescences, with the
highest concentrations observed in plants grown in pure topsoil and lower values in mixed
substrates. This suggests a physiological role of Cu in flower development likely due to its
function in the regulation of photosynthetic capacity [44]. Similar results were reported by
Vasilou et al. [45], who detected higher Cu content in plant roots (>50% of the plant’s Cu
accumulation) in different soil types, with progressive reduction towards stems and leaves.
It was also observed that hemp plants cultivated in high Cu-contaminated soils produced
greater amounts of cannabidiol (CBD), suggesting that the presence of this metal favored
production of this metabolite.

Pb is, agronomically speaking, a non-essential and toxic metal with no known bi-
ological function in plants. As expected, Pb uptake was generally lower than that of
other analyzed metals. Nonetheless, the results indicate that topsoil-based substrates
promoted higher Pb accumulation, particularly in root tissues. In mixed substrates, how-
ever, the highest Pb concentrations were found in the stem, possibly due to differences in
translocation dynamics.

The initial and final residual concentrations of HMs in the different bedding substrates
show a significant overall reduction, confirming the effectiveness of the phytoremediation
process (Table 6). In most cases, the final concentrations decrease below the threshold values
established by (Italian) environmental remediation guidelines, with the only exception
of the peat substrate, where residual concentrations remained above acceptable limits.
Overall, peat-grown plants exhibited the lowest HM removal efficiency, while the highest
reductions were observed in the peat/sand substrate.
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Table 5. Heavy metal concentrations (ppm) in different plant parts (LT, LB: leaves, top and bottom;
S: Stem; R: Root, F: Flower), according to the different growth substrates. Apex notations (a, b, .. .)

indicate statistically significant differences in results within the same column, according to Tukey’s

test (p < 0.05). Different letters indicate a significant difference, same letters indicate no significant

difference. n.p.—not present.

Plant Part Control Peat Topsoil Topsoil20 Sand20
LT 03440022 13474+0.04P 3864+001° 869+0.039 1051 +£0.07°¢
i+ LB 056 +£0.022 1347 4+0.07P 4.044004¢ 818+0.029 971+0.05¢
(p;m) S 22640042 6214002 7.004£003° 979+0.059  8.01+0.02¢
R 0.79+£0.022 5944002 16.074+0.03°¢ 1031+0.029 7.15+0.03¢
F n.p. 1040 £0.022 924 4+0.02°  926+005> 855+0.03°¢

Plant part Control Peat Topsoil Topsoil20 Sand20
LT 6.08+£0.07% 6664002 9364004° 7.03+0069 631+£005¢
LB 69140072  704+007% 1039 +0.10°> 6444001°¢ 85140114
(p(;fn) S 29240032 5454004 9.6740.10° 1033+0.059 11.35+0.10¢
R 457 £0.032  825+0.07P 21.77+003°¢ 1251+0059 772+0.10¢
F n.p. 11.814+0.042 2117 +0.07° 1243 +0.08°¢ 1352+ 0.049

Plant part Control Peat Topsoil Topsoil20 Sand20
LT 0.64 +£0.02%  0.874+0.142 22740.032* 161+0112 3.05+0.10°
LB 1.67 £ 0172 242 +0.1823>  1344+0.08*  3.14+008P 255+ 0.062°
Pb** (ppm) S 027 +0.14% 2454008 276+005> 933+015° 849 +0.12°¢
R 0.87+£0.132  231+£0.092 12.894+0.15° 568+0.08°¢ 21740152
F n.p. 22740173 293+0.15P 18540142  1.75+0.042

Plant part Control Peat Topsoil Topsoil20 Sand20
LT 02340032 215+0.05°> 4274+0.02° 7.63+0.099  4.07+0.02°¢
LB 046 +£0.02%  3614+008> 375+001> 14704+0.15¢ 1235+ 0.034
(p(lifn) S 02240032 1.73+0.02b> 4854+002° 585 +0.084 529+0.01°
1.00+0.022  440+0.01° 19314+004¢ 152440099 6.334+0.05¢
F n.p. 037 +0.01%  2124+0.02P 03440032 079+£0.02°¢

Table 6. HM concentrations in bedding substrates at the beginning and at the end of the experiment
and their efficiency of removal. % removal values are all statistically distinct from each other.
Substrate Cr mg/ke) Ni* (mg/kg) Cu** (mg/kg) Pb?* (mg/kg)

Initial Final Rem (%) Initial Final Rem (%) Initial Final Rem (%) Initial Final Rem (%)
N T S
T

TR
Pasma o CSYSE TUEE o EEOMRE o dmE o oser o e wue
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The behavior of individual metals reflects their distinct geochemical properties; their
partitioning between soil and pore water is governed by the respective partition coefficients
(Kq), and by the presence and concentration of other elements (e.g., C, Ni, Mn) that influence
their distribution. For example, Cr can exist in different species (Cr(Ill) and Cr(VI)). In
soils, Cr(IlI) generally has a much higher K4 than Cr(VI), indicating a stronger tendency
to adsorb to the solid phase. Cr partition varies significantly depending on specific plant
fractions (top and bottom leaves, stem, root and flowers) and growing conditions.

For Pb, the high apparent removal efficiencies observed—up to 84% in the peat/sand
substrate—are consistent with its strong affinity for solid phases and limited translocation
within plant tissues. In such systems, substrate concentration decreases may therefore
reflect a combination of phytoextraction and redistribution or immobilization within the
solid matrix, rather than direct accumulation in plant biomass alone. This interpretation
is congruent with the known low mobility of Pb in soil-plant systems and supports the
assessment of removal efficiency as a system-level outcome. Given the strong affinity of
Pb?* for mineral surfaces and its generally lower mobility compared to the other HMs [46],
partial adsorption onto the expanded clay layer (not analyzed) represents a plausible
explanation for the observed decrease in substrate Pb concentration. Additionally, Pb may
have been redistributed within the substrate and preferentially associated with specific
solid fractions (e.g., finer particles or organic matter) that were not fully represented in the
final sampling, potentially contributing to the apparent mass imbalance. Although the mass
balance may not be entirely accurate, the confirmed uptake of heavy metals by plants under
controlled conditions underscores the effectiveness of the phytoremediation process, and
the results suggest that the experimental setup premises were sound. Future studies should
consider implementing a more isolated and controlled system to better quantify metal
uptake and minimize dispersion effects. The heavy metal removal efficiencies reported in
Table 6 represent net substrate depletion under controlled conditions, rather than a closed
mass balance, as also observed in other studies [47,48].

Finally, Table 7 reports HM concentrations in biochars produced from the harvested
biomass. These are compared with limit concentrations established by the Commission
Decision (EU) 2022/1244, which defines maximum allowable heavy metal contents for
biochar intended for agricultural soil amendment, in order to ensure environmental safety
and prevent secondary contamination. These findings are significant in terms of both
environmental safety and potential resource recovery. In particular, the highest concen-
trations were detected in biochar derived from peat substrate, with Ni and Cu reach-
ing 37 mg/kg and 56 mg/kg, below the limits allowed for these metals (40 mg/kg and
200 mg/kg, respectively). The maximum Pb concentration (10.8 mg/kg) was observed
in the peat/sand-derived biochar, while Cr concentrations across all samples remained
notably low (0.4-9 mg/kg), regardless of growth substrate. These very low Cr concentra-
tions (in some samples < 1 mg/kg) are consistent with the known low mobility and limited
volatilization of Cr under moderate pyrolysis temperatures, as well as its preferential
retention in solid phases. These values, therefore, reflect the effective immobilization of Cr
within the system rather than analytical artifacts. These results demonstrate that pyrolysis
does not lead to the enrichment of HMs in biochar leachate, a critical consideration for
biochar’s safe reuse.
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Table 7. HMs in biochars, in comparison to the limit values established by Dlgs.2022 /1244 for their
use as soil amendment. Apex notations (a, b, ...) indicate statistically significant differences within
the same column, according to Tukey’s test (p < 0.05). Different letters indicate a significant difference,
same letters indicate no significant difference.

Cr (mg/kg) Ni (mg/kg) Cu (mg/kg) Pb (mg/kg)
Control 9.08 +0.21 2 8.43 +0.04 2 27.05 +0.152 742 +2.71
Peat 0.88+0.50P 37.06 +0.79 56.00 + 3.36 P 8.70 + 4.66 2P
Topsoil 6.587 +1.192 13.85 4 2.00 © 4542 + 6.23P 412 4 1.07 2P
Topsoil20 0.46 +0.05° 2420 +0.214 2274 40222 242 +0.072
Sand20 3.05+2.15b 24.62 +1.184 47.81 +7.86° 10.81 +3.57P
Limit value * 100 40 200 100

* As defined by Commission Decision (EU) 2022 /1244 for biochar use as an agricultural soil amendment.

4. Implications for Integrated Phytoremediation with Biochar Valorization

This study represents a preliminary experimental attempt to integrate phytoremedia-
tion with residual biomass valorization through pyrolysis, using Cannabis sativa grown on
contaminated substrates. Despite the inherent limitations of a pilot-scale setup, the results
are promising and highlight several findings:

- Growing substrate composition significantly influenced HMs uptake, with greater
adsorption in less compact, mixed substrates. This may indicate that higher soil
porosity favored the development of the plants’ radical systems, better soil aeration
and cation exchange capacity, making metals more bioavailable. Additionally, in
slightly acidic conditions, metals are more mobile, resulting in increased uptake
possibility.

- From a plant physiology perspective, the survival of all plants, albeit with variable
biomass production and early flowering in some conditions, suggests the development
of contaminant tolerance and resilience mechanisms based on early HM immobiliza-
tion in the lower plant levels (roots and lower stem) in order to limit damages to the
reproductive systems located in the aerial parts.

- HM concentrations in biochar produced from harvested C. sativa biomass remained
under EU limit values for soil amendment applications; however, the low (400 °C) pro-
cess temperature adopted in the study yielded biochar with consistently low C content
(~40%), not meeting the Class 1 standards (>60% C content) set by the International
Biochar Initiative (IBI) for its classification as a high-quality material, suitable for long-
term soil C sequestration. Produced biochar showed reduced colloidal stability (as
indicated by the zeta potential) and low conductivity, suggesting limited suitability for
nutrient delivery or aqueous media applications. The selected pyrolysis temperature
for this study represented a compromise between biochar yield and energy consump-
tion; the resulting biochar physicochemical properties underscore the need for careful
consideration of potential reuse scenarios in the selection of biomass postprocessing
conditions [22]. Py-gases analysis might play a role in improving the definition of the
mass balance of HM, since Cu and Pb may vaporize at high temperatures.

Generally, however, the pyrolysis process could offer, in addition to HM immobiliza-
tion, the added benefit of long-term carbon sequestration, contributing to broader climate
mitigation objectives by retaining organic carbon in a stable, recalcitrant form [49,50]. Fur-
thermore, when used as a soil amendment in agriculture, biochar may decrease or limit
residual heavy metal transfer to plant shoots and roots [51]. Other studies showed that
Cannabis sativa L. HM phytoremediation can be conducive to other biomass reuse strategies,
e.g., for anaerobic digestion or incineration for energy recovery [52].
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5. Conclusions

Cannabis sativa confirmed its HMs phytoremediation capabilities in growing substrates
contaminated by Cr, Cu, Ni and Pb above the admissible limits of the current Italian
legislation. All soil contaminants were reduced below admissible concentrations, except for
those in the peat substrate samples. C. sativa showed the capacity of HM immobilization,
preferentially in the lower parts (roots and stem), with all plants surviving throughout the
experiment. In order to assess the possibility of its reuse after phytoremediation, harvested
biomass was pyrolyzed to produce biochar.

Further experimental results confirmed that biochars derived from hemp biomass
met regulatory and environmental safety standards and could be safely applied as soil
amendments. This result aligns with sustainability and circular economy targets at the
EU level, promoting the valorization of waste biomass and closing the loop between
remediation and resource recovery.

Notwithstanding these promising results, the scalability and environmental safety
of this approach should be confirmed by replication in existing contaminated sites under
natural conditions. Concerning the circular reuse of harvested biomass, pyrolysis at process
temperatures higher than 400 °C should be tested to assess the possible classification
improvement of the produced biochar for improved applications. Capture and analysis
of py-gases could provide further insight into the overall mass balance of HMs such as
Pb and Cu and advance their possible recovery as fuel. This should be accompanied by
an LCA/TEA analysis to optimize energy expenditures during the process and possible
biochar environmental and economic value improvement.
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