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Abstract
Purpose  The potential of industrial hemp (Cannabis sativa L.) for phytoremediation of copper-contaminated Mediterranean 
soils was investigated. The accumulation of copper in hemp’s parts and the effect of contaminated soil on the production of 
cannabidiol (CBD) were, also, of primary concern.
Methods  Two soil types, a Clay Loam & a Sandy Clay Loam, were exposed to two levels of Cu contamination, with low & 
high Cu concentrations. The soils’ total and available Cu content, along with Cu in plant tissues, were determined. Height, 
fresh aboveground biomass and leaf chlorophyll content were further evaluated. Furthermore, the amount of cannabidiol 
(CBD) in the hemp flowers was determined.
Results  Hemp appeared to be highly resistant, as can successfully grow in both soil types having low or high Cu levels. The 
maximum Cu content was detected in the highest part of the plant roots, with a progressive decline towards the upper parts of 
the plant (CuRoots > CuShoots > CuLeaf), in both soil types. It has been observed that more than 50% of the plant’s copper 
concentration is accumulated in the roots. Furthermore, the hemp plants cultivated in high Cu-contaminated soils produced 
greater amounts of cannabidiol (CBD).
Conclusion  Ηemp proved to be a promising plant for phytostabilization in Cu-contaminated soils, as its above-ground 
biomass is almost free of metals and can be used further for fiber production. The presence of Cu in soils did not appear to 
disrupt the production of the important secondary metabolite CBD, but rather increased following increasing soil Cu content.
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Statement of Novelty

In recent years, the need for remediation and valoriza-
tion of heavy metal-contaminated soils is imperative. In 
this direction, eco-friendly and cost-effective methods are 
proposed, with phytoremediation at the top of the list of 
suggested approaches. Industrial hemp (Cannabis sativa 
L.) seems to be tolerant to heavy metal polluted soils, 
accumulating them primarily in its roots and contributing 
to the phytostabilization mechanism. As a result, its above-
ground part, which is primarily used for rope production, 
is metal-free. Furthermore, the production of high-value 
cannabidiol (CBD) appears to increase as the concentra-
tion of metals in cannabis-growing soil increases. There-
fore, hemp cultivation is promising for Mediterranean 
soils, as it produces high amounts of CBD in response 
to metal pollution stress and remediates polluted soils by 
accumulating the pollutants in the roots, leaving the stems 
clean for further utilization in the rope industry.

Introduction

Heavy metals cover a group of metals and metalloids hav-
ing an atomic density greater than 5 g cm−3 that can be 
dangerous in both plants and animals [1]. Twenty of the 
aforementioned metals behave as nutrients when present 
in small amounts (trace elements), but when their con-
centrations are above a certain threshold, they become 
exceedingly toxic to organisms [2, 3]. Therefore, the use 
of the term Potential Toxic Elements (PTE) has been con-
sidered imperative in recent [4, 5]. Due to their failure to 
decompose and tendency for remaining in their metallic or 
complex forms for a long period of time, PTEs are among 
the most hazardous contaminants in the environment [6, 
7]. Although their origin in the environment is attributed 
to both natural and anthropogenic sources, rapid industrial 
development, deregulated urbanization, and intensive use 
or waste of fertilizers appear to have played the most criti-
cal role in the spread of the pollution problem worldwide 
[5, 8, 9].

Soil is a direct or indirect recipient of resistant pollut-
ants, like metals, resulting in negative consequences both 
on soil health and the living organisms in its environment 
[10, 11]. However, the overall amount of a metal deposited 
in soil is not equal to the amount of bioavailable metals, 
i.e., metals that can be directly taken by plants [2, 12]. As 
a result, a distinction is drawn between ‘total’ and ‘avail-
able’ to plants concentrations. Conventional approaches 
for the remediation of heavy metal-contaminated soils 
include the addition of suitable media, high surface area 

solids, and plant residues, which enhance the organic mat-
ter and fertility of the soils [13]. Metal uptake by plants is 
the basis of an ever-growing strategy for restoring, reme-
diating or improving contaminated soils. PTEs uptake in 
plants occurs mostly through the roots and leaf surface [2, 
4]. The remediation of contaminated soils is a complex 
process that aims either to completely eliminate metals or 
to reduce their concentration to the acceptable limits indi-
cated by legislation [4, 12]. Several existing soil remedia-
tion techniques, despite their effectiveness, are considered 
restrictive due to their high operating costs [14]. Moreo-
ver, the control of their processes is extremely demanding 
and often exposes the environment to further risk, while 
at the same time causing visual disturbance due to the 
aesthetic alteration of the landscape [13]. For all the afore-
mentioned reasons, in the last decades, phytoremediation 
has emerged as a promising method [4].

Phytoremediation is defined as the process in which 
plants are used to relieve, stabilize, transport, or degrade pol-
lutants from soil, sediments, surface water, and groundwater 
[15]. The main mechanisms of phytoremediation include the 
accumulation (phytoextraction, rooting), degradation (root-
ing, phytodegradation), immobilization (hydraulic control 
and phytostabilization), and diffusion (phytoprotection) 
of contaminants [16]. These mechanisms are used either 
individually or in combination by plants, depending on the 
pollutant type [17]. Phytoremediation is commonly applied 
using hyperaccumulating plants, i.e., plants that accumulate 
high amounts of metals in their aboveground biomass [18, 
19]. In general, however, in order for a plant to be considered 
suitable for phytoremediation, it is essential that it fulfill 
certain characteristics, such as rapid growth, high biomass, 
an extensive root system, resistance to high metal concen-
trations, a high translocation factor within the plant tissue, 
adaptability to certain environments, and easy agricultural 
management [4, 20]. Nevertheless, combining all of the 
above characteristics in a single plant is often impossible, 
so two main strategies are usually followed: either the use of 
supersaturation or the use of high biomass plants in combi-
nation with metal solubilizing agents [18]. Cannabis sativa 
L. displays some of the above-mentioned features and has 
received a lot of interest in recent years for phytoremediation 
purposes [4, 12, 21].

Copper (Cu) is a metal widely used in industry but also 
an essential micronutrient for the growth of both plants and 
animals [1]. This metal contributes significantly to the physi-
ological function of plants, particularly in seed production, 
water regulation, and disease resistance [22]. Nonetheless, at 
high concentrations, it provokes toxicity in plants, animals, 
and humans, with consequent severe environmental effects. 
Within the plant tissues, it accumulates mainly in the roots, 
with a slight upward trend towards the shoots. Rehman et al. 
concluded that this is probably related to the effort of plants 
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to prevent the movement of Cu to the photosynthetic tissues 
[23].

Hemp (Cannabis Sativa L.) is a multifunctional plant 
with a wide range of industrial and pharmaceutical uses [4, 
12]. Its applications can be found in four main sectors: indus-
try (use and manufacture of new materials), agri-food, medi-
cal/pharmaceutical, and recreation [21]. The long history of 
cannabis in the medical and pharmaceutical sectors can be 
attributed to the valuable cannabinoids it provides. Among 
these, cannabidiol and tetrahydrocannabidiol are considered 
to be the most significant [24]. In particular, canabidiol is 
known for its anticancer, anti-inflammatory, anticonvulsant, 
antiepileptic, analgesic, anxiolytic, and neuroprotective 
properties [24]. The cultivation of cannabis, both industrial 
and mainly pharmaceutical, has for many years been the 
subject of debate and faced legal challenges due to the pro-
duction of the psychotropic substance tetrahydrocannabidiol 
(THC). The evolving legal status of medicinal cannabis for 
pharmaceutical purposes is important as it affects both clini-
cal and patient access to cannabis-based treatments [4, 12]. 
Furthermore, after completing phytoremediation, industrial 
hemp may be regarded as a “resource” for future exploita-
tion because the buildup of heavy metals in the plant tissue 
has no impact on the plant’s development or the amount of 
useful components it produces [25].

This study aimed to evaluate the potential of hemp plant 
for remediation purposes in Cu-loaded soils with different 
particle size compositions. Copper accumulation within the 
plant tissue, in the plant roots along with in its aboveground 
biomass, is of particular concern. Furthermore, the effect of 
soil Cu levels on the amount of the produced cannabidiol 
(CBD) was investigated.

Materials and Methods

Experimental Design and Cu‑soil Spiking

The experiment was carried out at the University of Thes-
saly farm in the region of Velestino (near Volos), in central 
Greece. For this purpose, thirty 20-liter pots were used. In 
the 15 pots, soil directly collected from the university farm 
was filled up to a final volume of 10 L, while in the remain-
ing 15 plant containers, a mixture consisted of sand and 
farm soil was placed at a ratio of 1:10. The experimental 
design included 2 levels of copper, 100 ppm and 200 ppm, 
with 5 replicates each, along with a control sample for each 
soil type, with 5 replicates. The coding of the treatments 
was formulated as follows: CL = soil collected from the uni-
versity farm; SCL = the 1:10 mixture; A = the Low copper 
concentration (100 ppm Cu) treatments; B = High copper 
concentration (200 ppm Cu) treatments; and C = the control 

treatments. In this way, the following coding were obtained: 
CL-A, CL-B, CL-C, SCL-A, SCL-B, and SCL-C.

For the contamination of the soils, solutions of copper 
nitrate Cu(NO3)2 ware used. The proper mass of the high 
purity salt has been added to 1 L volumetric flask and was 
fulfilled with water in order to achieve the proper Cu++ solu-
tions. In each pot, a black plastic bag was used and a volume 
of 200 mL of the above prepared solutions were added. The 
bags were tightly closed, and the soil was stirred manually. 
This was followed by incubation with the bags sealed for 2 
weeks, to prevent evaporation, having the agitation repeated 
every 2–3 days. After this period of time, the soil was placed 
back into the plant containers for sowing. The chosen vari-
ety was Felina 32, as the plant is usually one-meter high, 
an ideal high for a pot experiment. The growth period of 
the plant lasted 18 weeks. During this period the plant was 
completely developed and subsequently grubbed up in order 
to carry out soil and chemical analyses of the plant tissues.

Hemp Seeding, Plant Thinnings and Growth 
Parameters Measurements

Ten hemp seeds were put in each pot. The seeds were kept in 
the refrigerator and before use they were suspected to wash 
for ten minutes with NaClO, in order to have no microbio-
logical impacts [4].

The chlorophyll levels were measured using the port-
able chlorophyll meter SPAD-502, Minolta Co., Ltd. In this 
instrument, the resulting values are considered to be pro-
portional to the concentration of chlorophyll in the leaves. 
The procedure was carried out in the following way: three 
measurements were recorded in the upper part of each plant, 
and the average of these was calculated. Respectively, three 
measurements were recorded in the lower part of each plant, 
and, similarly, the average of these was calculated. The chlo-
rophyll measurement was carried out four times during the 
experiment, at 20-day intervals.

Soil Chemical Analyses

The soil samples were analyzed before and after hemp cul-
tivation. They were transported to the soil laboratory, air-
dried and prepared for soil analyses [5, 12, 26]. They were 
sieved through a < 2 mm pore sieve and subjected to chemi-
cal analyses, as previously described [4, 13, 26]. Soil pH 
along with Electrical Conductivity (EC) values were evalu-
ated in a soil:water (1:1) mixture, organic matter content was 
measured using the Walkley Black method, using K2CrO4 as 
an oxidizing factor. The CaCO3 content was measured using 
a proper calcimeter, while the Bouyoucos method was used 
in order to determine the granulimetric soil composition.

Soil Cu available and total concentrations were evalu-
ated using the DTPA and Aqua Regia extraction methods 
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respectively. The extraction of available Cu contents was 
performed by DTPA solution [7.4 g CaCl2·2H2O, 9.835 g 
DTPA (diethylo-triaminopenta-acetic acid), and 74.5  g 
triethanolamine in 5 L of deionized water] in a 1:2 soil to 
solution ratio (20 g of soil and 40 mL of the extracting solu-
tion). The samples were shaken for 2 h, then filtered and 
diluted 1:10 volume. Total Cu contents were extracted by 
Aqua Regia mixture using a close system with plastic con-
tainer. The procedure was carried out using 1 g (± 0.1) of 
dry soil blended with 9 mL of concentrated HCl, 3 mL of 
concentrated HNO3, and 4 mL of diluted HNO3 at 5%. The 
digestion was performed at 140 °C for 4.5 h, and after filtra-
tion, the samples were diluted in ratio 1:100. The available 
& total Cu concentrations were determined by an atomic 
absorption spectrophotometer with a flame or a graphite fur-
nace equipment. For the evaluation of the analytical method 
a Certified Reference Material (CRM) (No 141R, calcareous 
loam soil) from BCR (Community Bureau of Reference) was 
analyzed along with the soil samples. The recovery ratio 
ranged from 91.7 to 101.6%.

Plant Analyses

After harvesting, each plant was placed in a 60 °C incin-
erator for three days to ensure moisture removal from its 
tissues [4, 12, 27]. Afterwards, every dry plant was dis-
sected into 3 points: upper, middle, and lower (bottom), 
and then, carefully divided into the following subsections: 
upper leaves (60–90 cm), middle leaves (30–60 cm), upper 
shoot (60–90 cm), middle shoot (30–60 cm), lower shoot 
(0–30 cm), and upper root (0–5 cm), lower root (5–10 cm). 
The individual sections were pulverized separately, first 
with an electric grinder and then with a porcelain mortar, 
and afterwards they were placed in a numbered plastic bag. 
The total Cu concentrations of the individual plant parts 
were quantified by the Aqua Regia extraction method [12]. 
For the evaluation of the analytical methods a NIST SRM 
1573a—(Tomato Leaves) certified material was analyzed 
along with the plant tissues. The recovery ratio ranged from 
88.8 to 104.1%.

Extraction and Quantification of Cannabidiol (CBD)

Cannabidiol (CBD) were determined by high-performance 
liquid chromatography after plant tissues extraction with 
acetonitrile.

A 0.25 g mount of powdered plant tissues (flowers) was 
extracted with 20 mL of acetonitrile in a 50 mL glass vial 
with teflonated caps by vortexing for 1 min and thereaf-
ter sonicated in an ultrasonic bath for 20 min. Then it was 
allowed to settle at room temperature for 10 min and the 

supernatant extract was filtered through a 0.45 μm Titan 2 
HPLC Nylon membrane filter, and placed into 2 mL amber 
vials in order to be analyzed.

Chromatographic analyses were performed by an HP 1100 
liquid chromatograph (Hewlett Packard GmbH, Waldbronn, 
Germany), equipped with a variable wavelength UV detector 
and the HP ChemStation LC 3D chromatography manager 
data acquisition and processing system with the possibility 
of obtaining UV spectra at selected retention times of chro-
matograms. The analytical column was a Reprosil Gold 100 
(Dr Maisch GmbH) C18 column (250 × 4.6 mm I.D, 5.0 μm 
particle size). The mobile phase was 60% methanol and 40% 
water solution containing 0.1% formic acid. The flow rate 
was 1.0 mL/min, the chromatographic injection volume was 
20 µL, the optimum detection was obtained at 228 nm and 
the column temperature was maintained at 40 °C.

Quantification was performed using the external standard 
method, measuring the peak areas of the cannabidiol. Cali-
bration solutions was prepared from a cannabidiol standard 
solution of 1.0 mg/mL in methanol (Sigma, Darmstadt, Ger-
many) after appropriate dilutions.

Indices of Copper Accumulation and Transport 
in Soil to Plant System

The ability of the hemp to accumulate Cu, along with Cu 
potential transport from the roots to the aboveground parts, 
was calculated based on the three following indices [4, 28]:

Bioaccumulation Factor (BAF), which estimates the 
transfer of the metal from the soil to the roots: BAF = root 
Cu concentration (mg kg−1)/available soil Cu concentration 
(mg kg−1)). Plants are considered to be hyperaccumulators 
when BAF > 1, while they are considered to be blockers 
when BAF < 1.

Translocation Factor (TF), which is used to estimate the 
transport of the metal from the roots to the shoots: TF = Cu 
concentration in shoots (mg kg−1)/Cu concentration in the 
roots (mg kg−1). Metal hyperaccumulators exhibit TF > 1.

Transfer Coefficient (TC), which is used to evaluate the 
transfer of metals from the soil to the aboveground biomass: 
TC = Cu concentration in the aboveground biomass (mg 
kg−1)/total Cu concentration in the soil (mg kg−1) deter-
mined by the Aqua Regia method.

Statistical Analysis

The impact of the two factors (soil type and varying levels 
of contamination) on the growth characteristics of hemp 
was investigated via 2-way ANOVA statistical analysis with 
SPSS. The Microsoft Office Excel package (v.11, 2022) was 
used to study and evaluate statistically the results. The mean, 
maximum, and minimum values, along with the standard 
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deviation among treatments, were obtained for each data 
set. Tukey t-test was used to find the statistically significant 
difference, between treatments, both at 95 & 99% levels of 
significance.

Results and Discussion

Soil Properties

Both soil samples are slightly alkaline, with low electrical 
conductivity values, as shown in Table 1. The CL soil is an 
alkaline clay loam soil with 32% clay, 28% sand, and 40% 
silt, while SCL soil is an alkaline sandy clay loam soil with 
28.2% clay, 50.5% sand, and 21.3% silt. The first soil sam-
ple has almost 49% higher organic matter content than the 
second one, indicating a healthier soil [13].

Soil and Plant Cu Content

In the following Τable 2, the soil Cu availability, expressed 
as a percentage of available to total Cu concentration, is 
presented.

The ratio of the available to the total Cu concentration, 
ranges between 8.5 and 9.9%. Copper availability seems to 
higher in the SCL (mixture of farmland soil and sand) than 
in the farmland soil (CL). Furthermore, Cu availability ratio 
increased as the percentage of added Cu(NO3)2 increased.

Both available and total Cu concentrations in soil samples 
before and after hemp cultivation in each treatment, are pre-
senting in the following Fig. 1.

Table 1   Values of soil physicochemical parameters

Physicochemical character-
istics

CL soil SCL soil

pH(1:1) 7.45 ± 0.7 7.31 ± 0.5
EC (µS/cm) 475.7 ± 6.5 357 ± 3.2
OM (%) 2.1 ± 0.4 1.4 ± 0.3
CaCO3(%) 9.2 ± 0.9 7.8 ± 1.2
Clay (%) 32 ± 1.2 28.2 ± 3.2
Sand (%) 28 ± 2.2 50.5 ± 2.8

Table 2   Soil Cu availability expresed as a percentage of available to 
total Cu concentration

Soil treatments Available to total Cu 
concentration (n = 5)

CL-C 8.2 ± 0.30 (%)
CL-A 8.5 ± 0.25 (%)
CL-B 8.9 ± 0.20 (%)
SCL-C 9.5 ± 0.18 (%)
SCL-A 9.7 ± 0.15 (%)
SCL-B 9.9 ± 0.22 (%)

Fig. 1   Total and available Cu concentrations in soil before and after hemp cultivation in the individual treatments (average of replicates, n = 5)
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The varying levels of contamination were accurately 
reflected in the treatments’ total and available Cu, in the 
expected order: B > A > C, indicating that the high contami-
nated soil had higher total and available concentrations both 
in CL & SCL soils. The control soil was not entirely devoid 
of Cu, possibly due to the long-term use of agricultural ferti-
lizers in the farm land obtained. In both soil types, there was 
a decline seen in both total and available Cu concentrations 
after the cultivation of hemp, which was naturally expected, 
as Cu accumulated in parts of the plant moving from the soil.

The copper concentration in the hemp sections, both in 
roots and overgrown parts, grown in CL soil are presented 
in the following Fig. 2.

As expected in treatment B where the highest copper 
nitrate was added, the amount of copper taken up by the 
plant was higher.

According to the data presented in Figs. 2 and 3 and 
a progressive decrease in Cu concentration is observed 
towards the upper parts of the cannabis plant, with the 
highest concentration being detected in the upper roots. 
The lower (bottom) roots, consisting mainly of delicate and 
thin rhizomes that could not be fully preserved during the 

destructive measurements, led to an underestimation of Cu 
concentration. The lower (bottom) and middle shoots have 
the second- highest amounts, whereas the leaves have the 
lowest concentrations. The hemp flowers have almost no 
detectable Cu concentrations.

The following Table 3 displays the percentages of copper 
concentrations distributed throughout the plant.

Indices of Copper Accumulation and Transport 
Within the Plant Tissue

Bioaccumulation Factor (BAF)

Given the above- mention data from Table 4, it becomes 
obvious that the bioaccumulation factor (BAF) of all treat-
ments in both soil types is > 1. Thus, under the conditions of 
this experiment, hemp behaves as a Cu supersaturant, retain-
ing sufficient copper in its roots for gradual soil remediation 
over time [28].

Fig. 2   Copper concentration in 
the separated plant parts, grown 
in CL soil (average of repli-
cates, n = 5)
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Translocation Factor (TF)

As far as Translocation Factor concern, the treatments of both 
soil types present values < 1, indicated the weak tendency of 

Cu to move into the upper biomass (Table 5). Cu seems to be 
stabilized in the roots rather than in the stems, or leaves, leav-
ing the above grown hemp part almost unaffected by copper 
contamination.

Transfer Coefficient (TC)

In accordance to the Translocation Factor the values of the 
Transfer Coefficient Index indicate only a slight migration 
of copper to the upper biomass (Table 6).

Cannabis sativa (L.) Growth Parameters

The following Fig. 4 illustrates the results of Cu soil addition 
on the hemp growth parameters.

Cu appears to have a beneficial effect on plant growth. 
Plants of the highest contamination level (B) show the 
highest values, followed by plants of contamination level 
A, while control plants (C) show the lowest growth. The 
impact of the two parameters (soil type and contamination 
level) on plant growth can be better understood using a sta-
tistical two-way analysis of variance (2-way ANOVA). Thus, 
the soil type had a statistically significant effect on plant 
height, aboveground biomass, and SPAD index values. This 
information, when combined with the above data, leads to 
the conclusion that plants in CL soil developed more vigor-
ously than plants in SCL soil.

Statistical analysis, also demonstrated that the level of 
contamination had a substantial effect on all developmental 
features. The effect was positive, as shown by the graphs, 
since the values were in the following order: B > A > M. 
Again, greater Cu concentrations in comparison to the Con-
trol treatment, contributed to an increase in plant biomass, 
height, and chlorophyll.

Further post-hoc analysis (LSD test, P = 0.05) was carried 
out to determine which Cu treatments were statistically sig-
nificantly different, concerning growth trait measurements. 
For each growth measurement, the treatments that presented 
differences were the following: height = A–C, B–C; above-
ground biomass = A–B, B–C; SPAD = B–C.

Table 3   Percentage (%) of Cu 
distribution in parts of the hemp 
plant grown in the two soil 
types

ND not detected

CL-C CL-Α CL-Β SCL-C SCL-Α SCL-Β

Bottom root 3.8 3.9 3.5 0.7 3.8 2.3
Upper root 37.2 45.5 42.3 64.9 44.6 40.3
Bottom shoot 43.0 28.5 30.8 25.7 30.2 33.3
Middle shoot 16.1 13.7 14.9 8.8 11.9 14.4
Upper shoot ND 3.2 3.2 ND 3.5 3.5
Middle leaves ND 2.9 3.1 ND 3.3 3.7
Upper leaves ND 2.4 2,2 ND 2.6 2.5

Table 4   Values of 
bioaccumulation factor (BAF) 
in hemp for CL and SCL soil 
treatments (mean values of 
replicates, n = 5)

C roots /C DTPA,

CL-C 1.746
CL-Α 1.972
CL-Β 1.767
SCL-C 1.533
SCL-Α 1.846
SCL-Β 1.661

Table 5   Values of the 
translocation factor (TF) in 
hemp for CL and SCL soil 
treatments (mean values of 
replicates, n = 5)

C shoots /C roots

CL-C 0.459
CL-A 0.726
CL-B 0.819
SCL-C 0.394
SCL-A 0.660
SCL-B 0.862

Table 6   Transfer coefficient (TC) values in cannabis sativa for CL 
and SCL soil treatments (mean values of replicates, n = 5)

C Shoots/C total C leaves/C total

CL-C 0.084 0.000
CL-A 0.117 0.012
CL-B 0.140 0.014
SCL-C 0.050 0.000
SCL-A 0.106 0.009
SCL-B 0.127 0.010
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Levels of Cannabidiol (CBD) in Hemp Tissues

Chromatographic analysis of CBD in plant tissues provided 
satisfactory chromatograms of extracts, without interfer-
ences at the CBD elution time (Fig. 5). Quantitative data 

were obtained through the calibration curve by injecting 
CBD standard solutions. Calibration curve was confirmed 
every two weeks and both detector’s response (RSD < 5%) 
and retention time remained stable throughout the experi-
mental duration.

Fig. 4   Growth parameters of 
the hemp plants as affected by 
Cu treatments in the two soil 
samples studied (average of 
replicates, n = 5)
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The CBD concentrations determined in the hemps flow-
ers are presented in the following Table 7, along with the 
following Fig. 6.

Table 7; Fig. 6 present the results from the analysis of 
the quantification of cannabidiol using the dry leaf biomass. 
When soil Cu increases, an increase in cannabidiol levels is 
observed. CBDs concentration follows the order of Cu soil 

treatments, B (high) > A (low) > C, in both soil types studied. 
It appears, therefore, that high Cu concentrations in the soil 
and thus in plant tissues trigger the production of higher 
levels of cannabidiol.

Discussion

Soil Properties

Soil samples varied in terms of sand content, as the second 
sample was obtained by mixing the original sample with 
sand at a ratio of 1:10. The study of Table 1 reveals that the 
soil samples do not differ significantly among them with 
regard to their pH value. Alloway [1], as well as numer-
ous researchers, have observed and demonstrated in their 
experiments that soil reaction is a determinant factor in 
the physicochemical behavior of the soil environment. The 
first sample has a higher pH value, higher clay content, and 
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Fig. 5   Chromatograms of a a standard solution of CBD, and b plant tissue

Table 7   The concentration of CBD in the flowers for each treatment

CBD (µg g−1 leaves’ 
dry matter)

SD RSD (%)

CL-C 10,991 1762.2 16.0
CL-Α 15,262 1520.8 10.0
CL-Β 16,554 1402.0 8.5
SCL-C 9373 2422.8 25.8
SCL-Α 14,081 5875.6 41.7
L-Β 15,116 1763.5 11.7

Fig. 6   The concentration of 
CBD in the dried leaves for each 
treatment (average of replicates, 
n = 5)
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higher organic matter content. Therefore, the sample hav-
ing a particle size composition such that it is classified as 
ClayLoam soil possesses all the prerequisites to be more 
chemically active than the second soil sample, which is clas-
sified as SandyClayLoam soil [1, 2]. Napoletano et al. [3] 
and Papadimou et al. [5] consolidated their observations and 
results of their experiments on soils that had higher val-
ues of electrical conductivity, mainly due to anthropogenic 
interference. In the present study, the soil samples had low 
electrical conductivity values, i.e. low presence of salts in 
the soil solution [1, 2]. The values of organic matter percent-
age indicate that the soil samples are typical representative 
agricultural soils from the area of Thessaly. Golia & Dia-
koloukas [9], studied a great number of soils derived from 
agricultural areas, belonging to four soil orders and observed 
that organic matter values are usually lower than 3% which 
was also noticed in the present study.

Soil and Plant Copper Content

According to Table 2 that the availability of copper depends 
on the particle size distribution of the soil samples. It can 
be observed that in the first soil, which shows a higher clay 
content, Cu seems to have a lower percentage of availability 
compared to the second soil mixture. The metal cations tend 
to bind to the clay fragments, resulting in a lower fraction 
of available-total metal concentration in clay soils compared 
to sandy soils [1, 2, 11]. The researchers Vega et al. [29], 
studied the relationships between heavy metals content and 
soil properties and concluded that the availability fraction, 
i.e. available to total concentration, usually occupies per-
centages around 10%. In the present study, the percentages 
range from 8.5 to 9.9%, indicating that in both soil samples, 
the availability of copper to plants is governed by the phys-
icochemical parameters of the soils. The 1st soil sample has 
a higher soil pH value, so lower availability of copper is 
expected. Also, the fact of higher organic matter value in 
the 1st soil sample also contributes to the binding of copper 
by organic matter groups, forming chelate complexes and 
diminishing its availability [2, 12, 13].

Furthermore, the additional copper nitrate provided dur-
ing fertilization or our pollution experiment, might lead to a 
considerable leaching [30], particularly of the nitrate anions. 
An increase in copper uptake is observed from the study 
of Figs. 2 and 3 as the amount of copper added to the soil 
increases. Table 3 depicts the percentages of Cu concentra-
tion as distributed in the different parts of the plant. It is 
obvious that by far the highest Cu concentration is found 
in the root. In fact, the sum of the percentages in both parts 
of the root exceeds 50% in both soil types, at both contami-
nation levels, and in the control samples. In addition, it is 
evident that the percentage of copper decreases as it pro-
gresses towards the top of the plant. The hemp leaves used 

to extract CBD appear to contain no more than 2.6% of the 
total amount of metal taken up by hemp. Therefore, in soils 
containing up to 200 ppm copper, in a period of less than 
five months, it is possible to achieve soil phytoremediation 
using hemp. It is possible to stabilize in the root of the culti-
vated hemp plant more than 50% of the copper concentration 
collected by the plant, while the remaining parts of the plant 
(shoots and leaves) have much lower copper concentrations.

The gradual decrease in Cu concentration towards the 
upper parts of the hemp plant, in combination with the 
increased concentration of the roots, are justified by the gen-
erally immobile nature of copper within the plant tissue [31]. 
The observation that copper is present mainly in the roots 
of the cannabis plant is consistent with similar experiments 
[12, 14, 32–34], as well as the fact that the bottom and mid-
dle shoots have the second-highest Cu concentration [35]. 
Metal mobility is worth studying, as it is governed by the 
physico-chemical parameters of the soil and varies depend-
ing on whether the soil is agricultural or urban [36, 40]. 
Similar findings were observed for several other plants, such 
as the common thistle, where a higher metal concentration 
was observed in the root and significantly less or undetect-
able in the plant’s flower when grown in Cd-contaminated 
soils [41].

Angelova and her colleagues [32] found during their 
study a significant heavy metals accumulation and distri-
bution potential fibre crops (flax, cotton and hemp). Golia 
et al. 2021 & 2023 [4, 12] observed that there are metals that 
move more vigorously and faster in the underground tissues 
than in the above-ground tissues of plants.

Indices of Copper Accumulation and Transport 
Within the Plant Tissue

The indices used in this study, as well as in similar investiga-
tions, constitute a means of indirectly and directly evaluat-
ing a plant’s ability to transfer one or more metals from the 
soil to the plant and to allocate them within the plant mass. 
The absolute value of the indices, however, is only a first 
approximation, as the study of the concentration of the metal 
in all parts of the plant is a crucial issue. The bioaccumula-
tion factor (BAF) values demonstrated the potential of hemp 
to act as a metal accumulator. Hemp appears to survive sat-
isfactorily under conditions of high metal concentration [4, 
12, 33] and to be able to carry out its physiological functions 
satisfactorily [34]. Moreover, hemp, like other oil-bearing 
plants, possesses a large phytomass, fulfilling an additional 
requirement of plants suitable for phytoremediation, i.e. that 
they can accumulate metals in their tissues.

The translocation factor (TF) values revealed the weak 
tendency of copper to be transported to the aboveground 
parts of the plant. The researchers Petrova et al. in a con-
trolled conditions experiment with laboratory contaminated 
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solution [39], as well as Ćaćić et al. in a greenhouse experi-
ment [33] conducted in alkaline and acidic soils, found that 
Cannabis Sativa (L.) strongly accumulates metals in her 
roots, rather than in the shoots, or leaves. So, in light of 
its high biomass output and its confirmed ability to absorb 
copper in its roots, this plant represents a prime candidate 
for phytoremediation.

Cannabis sativa (L.) Growth Parameters

Figure 4 depicts the variation of growth parameters of indus-
trial hemp plants. The changes in the green weight of the 
aboveground part of the plant, height, and photosynthetic 
capacity are plotted for the two soil samples and the two 
treatments of copper levels in the soils.

High copper concentrations were found to appear ben-
eficial effects on the growth of hemp plants, according to 
the measurements of the growth parameters. Since copper 
is a trace element for plants, the higher dose in this case 
enhanced their growth. Due to its interference with many 
cellular processes (such as photosynthesis, electron trans-
port, etc.), Cu serves as a micronutrient in multiple biologi-
cal processes and is a crucial component in many metal-
loproteins [31]. In other words, the high copper levels in 
neither of the two soil samples seemed to have a negative 
effect on either the green weight, height, or photosynthetic 
capacity. These observations are particularly important 
as the plant, regardless of whether it is grown in soil with 
different clay or organic matter content, i.e. regardless of 
whether the soil is fertile or not, can withstand high levels 
of copper and seems to use it to its advantage. Wu et al. 
[25] and Golia et al. [4] showed that plant functions are not 
inhibited by the presence of metals. On the contrary, the 
plant increases its weight and height and improves its pho-
tosynthetic capacity as copper levels increase.

Levels of Cannabidiol (CBD) in Hemp Tissues

The composition of cannabidiol appears to be proportional 
to the amount of copper in the soils. Adding more copper 
to both soil samples seems to increase the production of the 
secondary metabolite, the valuable cannabidiol. In the soil 
having CL particle size distribution, the amount of canna-
bidiol produced increased by 38.9 and 50.7% when smaller 
and larger amounts of copper were added to the soil, respec-
tively. When the highest amount of copper was added (level 
B), the SCL soil’s ability to produce cannabidiol increased. 
Actually, when Cu was added to levels A and B, respec-
tively, increases of 50.2 & 61.3% were observed. The effect 
of soil physicochemical properties plays a crucial role in 
the accumulation of metals in plant parts [21, 29]. However, 
they also seem to determine the production of secondary 
metabolites. Also, the values of produced cannabidiol seem 

to be related to the levels of copper in the soil more than to 
the levels of copper in the plant parts.

Lastly, the fact that the higher soil metal concentration 
led to the production of a higher amount of cannabidiol is 
in agreement with a previous study [34] were was observed 
that higher CBD content has been synthesized in the flowers 
of cannabis grown in contaminated soil rather than in uncon-
taminated soil. All plants have defense mechanisms, such 
as the production of secondary metabolites, in response to 
excess metals, especially heavy metals, in their tissues. Berni 
et al. [41] concluded that this mechanism could explain the 
observed increase of secondary metabolite production in 
plants treated with high levels of copper during their cul-
tivation. Furthermore, Anjitha and his partners found that 
exposure of plants to heavy metals promote the biosynthesis 
of pharmaceutically important compounds [42]. On the other 
hand, in the same research has been concluded that plants 
can mitigate heavy metal toxicity by modulating their sec-
ondary metabolism.

As a result, investigating the impact of soil heavy metal 
pollution levels on secondary metabolite yield by plants 
grown in them is important. Additional experiments with 
simultaneous metals are required in the future, in order to 
achieve the highest possible production of cannabidiol con-
tributing to soil system remediation. However, scientists 
should consider the long-term effects of this copper accumu-
lation pattern on soil health and also take this into account 
for cultivating hemp. The accumulation of copper in the soil 
over time and the potential effects of the accumulation on 
subsequent crops and soil ecosystems should be addressed 
[13]. Τhe sustainable use of medicinal plants for continuous 
phytoremediation is a long-standing question. Ιnvestigating 
the potential impact of accumulated metals on the quality, 
yield and safety of the CBD produced could provide valu-
able information for both environmental and pharmaceutical 
purposes.

Furthermore, enhanced CBD production in response to 
increasing soil copper levels is a particularly interesting 
outcome. Future studies could explore the hypothesis that 
CBD production may represent a genetic response to stress 
induced by its cultivation in toxic environments. This poten-
tially could be accomplished by investigating biochemical 
indices in both medicinal and energy or industrial plants.

Conclusions

Hemp was revealed to be a tolerant plant, growing success-
fully in soils with varied particle size distributions supple-
mented with two levels of Cu concentrations. Cu proved to 
have a favorable effect on the plants at both contamination 
levels, as evidenced by the plants’ growth characteristics, 
aboveground weight, height, and photosynthetic capability.
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In CL (clay loam) soil copper availability was lower, 
compare to the SCL (sandy clay loam) soil, probably due to 
higher clay and organic matter content and alkaline soil reac-
tion. The maximum Cu content was observed to accumulate 
in the upper part of the roots, and gradually decreased to 
the higher parts of the plant (CuRoot > CuShoot > CuLeaf). 
The trace element accumulation and transport indices also 
supported the tendency of copper to concentrate in the roots 
with a moderate increase towards the lower part of the shoot. 
This would make hemp an ideal candidate for phytoremedia-
tion, by means of phytostabilization, in Cu-contaminated 
soils, allowing further utilization of its uncontaminated 
aboveground biomass.

Finally, higher Cu treatments showed higher CBD con-
centrations, potentially as a defense mechanism against the 
increased metal concentration. As a result, in Cu-polluted 
soils, industrial hemp is a suitable plant for cultivation since 
it is resistant, has a short life cycle, and provides an enor-
mous biomass. It may be seen of as a Cu-accumulator plant, 
capable for remediation purposes, generating metal-free 
stems appropriate for fiber industrial use, and producing 
increased CBD quantities, even if cultivated in heavily Cu-
contaminated soils.
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