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Abstract
This paper evaluates the valorization potential of industrial hemp (Cannabis sativa L.) fibers produced on HM-contaminated 
soil as a safe feedstock for the textile industry. The chosen strategy was phytoattenuation, which combines the progressive 
soil quality improvement of contaminated land using phytoremediation techniques with the production of safe non-food 
biomass. A field experiment was set up with two hemp cultivars on a site contaminated with Cd, Pb, and Zn and on a nearby 
site containing clean soil as a control. Stem height and diameter were analyzed, as well as stem and fiber yield and the HM 
concentrations in the fibers, which were compared to legal safety standards and toxicity thresholds used in the textile industry. 
The hemp cultivar Carmagnola Selected (CS) had a significantly higher stem and bigger stem diameter compared to cultivar 
USO 31 on both sites. Stem yields showed a decrease of 30% and 50%, respectively, for both hemp cultivars grown on the 
contaminated site. However, the stem yield of CS growing on the contaminated site was similar to the stem yield of USO 
31 growing on the control site, indicating that hemp cultivation on contaminated soil can be economically viable. Total and 
extractable Cd, Pb, and Zn fiber concentrations were far below the toxicity standards for textile production purposes. These 
results are promising in terms of the potential valorization of contaminated land with hemp cultivation and the development 
of a non-food value chain within a phytoattenuation strategy.
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Introduction

The concern about the environmental impact of textile pro-
duction is increasing in Europe, and more attention is paid to 
its sustainable production (Sajin 2019). The textile industry 
is responsible for producing 8–10% of global CO2 emis-
sions and for releasing volatile organic compounds and acid 
gasses into the air, causing respiratory diseases (Niinimäki 
et al. 2020). Also, microfibers from synthetic textiles are a 
major source of microplastics in the environment, and 35% 
of the microplastics in the oceans originate from the tex-
tile industry (Acharya et al. 2021). Cotton, one of the most 

popular natural fibers in the textile industry, has an impor-
tant environmental footprint due to the large quantities of 
pesticides used for its cultivation, which covers 24% of the 
worldwide insecticide market (Ahirwar and Behera 2022), as 
well as due to high water and land use and pollution caused 
by transportation (Duque Schumacher et al. 2020). Thus, 
an economically viable and sustainable alternative to cot-
ton (Gossypium hirsutum L.) and synthetic fibers must be 
introduced in the textile industry which can ensure a high, 
fast, and local production, to lower the ecological footprint 
of the industry.

One of the biomass crops that are getting increased 
attention worldwide in the textile industry is industrial 
hemp (Cannabis sativa L.). Hemp is an eco-friendly fast-
growing crop that could present a more locally produced 
and sustainable alternative for synthetic fibers and the cot-
ton industry due to its multiple advantages in cultivation 
(Piotrowski and Carus 2011). No pesticides are needed for 
hemp cultivation in comparison to cotton (Ahirwar and 
Behera 2022), and its fertilizer demand is low. The water 
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needed for hemp cultivation is lower than one-third of that 
of cotton, and it requires only half the land to achieve 
a similar biomass production (Averink 2015). Moreover, 
hemp grows 2 times faster, has 3 times higher fiber yield, 
has between 2–3 times lower carbon emissions compared 
to cotton (Ahirwar and Behera 2022; Duque Schumacher 
et al. 2020), and has a positive effect on biodiversity when 
assessing for biodiversity friendliness, while cotton has a 
negative score (Piotrowski and Carus 2011). Although the 
current industrial hemp degumming process is not yet sus-
tainable, reducing hemp’s advantage over cotton in overall 
production sustainability (Duque Schumacher et al. 2020), 
significant progress is being made toward sustainable deg-
umming (Kalia et al. 2013; Kozłowski and Rózańska 2020; 
Nair et al. 2015). Moreover, the quality of hemp as a tex-
tile fabric, known to be quite stiff and ruff compared to 
cotton, has improved over the years thanks to adapted fiber 
treatment and spinning, making hemp fabric’s aesthetic 
value comparable to that of cotton (Vanderhoeven et al. 
2020; Vandepitte et al. 2020). The remaining parts of the 
plant, mainly the shives, can be used in insulation panels 
in the eco-construction industry or as animal bedding in 
stables (Lühr et al. 2018; Musio et al. 2018; Paulitz et al. 
2017), as well as for the production of bioenergy (Mos-
cariello et al. 2021).

To develop a more sustainable value chain for textile 
production, keeping the value chain local is important. 
However, in Europe and especially densely populated West-
European countries, such as Belgium, pressure on available 
land is constantly increasing (EEA 2019; Harvey and Pil-
grim 2011). Among the solutions to decrease pressure on 
available land is the redevelopment of contaminated land. 
The European Environment Agency (2020) estimates that 
approximately 340,000 sites in Europe are contaminated, 
with several of these sites left unused. To lower the competi-
tion for land use and give a second life to these unused sites, 
biomass cultivation for the production of non-food bio-based 
resources can be a good candidate through phytomanage-
ment and more specifically phytoattenuation (Edrisi and 
Abhilash 2016; Meers et al. 2005).

Phytoattenuation is the combined valorization and gradual 
soil remediation of contaminated land with the production 
of safe non-food biomass. This phytomanagement strategy 
focuses firstly on the production of high-yielding crops, accu-
mulating only limited amounts of HMs, for safe biomass pro-
duction, and secondarily on soil remediation (Linger et al. 
2002a, b, c; Meers et al. 2010; Perlein et al. 2021; Shi et al. 
2012; Thewys et al. 2010; Van Slycken et al. 2013). Phy-
toattenuation can be a solution to overcoming the economic 
constraints of phytoremediation projects. Industrial hemp is 
known to tolerate well HMs and thus could be grown on HM-
contaminated land for the production of hemp biomass for 

non-food applications, such as the production of local hemp 
fibers for the textile industry (De Vos et al. 2022).

Previous research showed that HM uptake in hemp does 
not or only slightly affect the biomass yield, primarily in 
the leaf area, and does not affect fiber quality compared to 
hemp grown on non-contaminated land (Linger, et al. 2002a, 
b, c; Pietrini et al. 2019). However, knowledge is lacking on 
the uptake of HMs into the above-ground hemp plant parts, 
especially the total and extractable HM concentrations in 
the fibers, to ensure safe textile production. In our previous 
study (De Vos et al. 2022), the concentration in the different 
plant parts, including the fibers, was investigated and com-
pared for 6 cultivars in a pot experiment. Two cultivars were 
selected based on their fiber quality and HM concentrations 
in the fibers for further investigation on a field scale. In this 
study, a field trial was carried out to evaluate the yielding 
capacity and HM uptake of these two hemp cultivars on a 
field scale and to confirm the safety of the fibers for use as 
feedstock for textile products and the potential of a phytoat-
tenuation strategy with industrial hemp on HM contami-
nated land in favor of the textile industry.

Also, when cultivating hemp for textile fiber production, 
the hemp stems are retted after harvest. Retting is a process 
during which pectins, the cementing compounds that hold 
fibers together in the stem, are broken down by microor-
ganisms. This facilitates the separation of the fibers from 
the shives in a further stage. Field retting is the easiest and 
most economically advantageous retting method, in which 
the hemp stems are spread out in the field after harvest for 
several weeks (Liu et al. 2015). However, when cultivating 
hemp on HM-contaminated soil, the question arises if HMs, 
accumulated into the fibers during hemp growth, go back to 
the soil when hemp stems are retted in the field. Indeed, it 
has been shown that HMs have a high affinity to bind with 
the pectin in the fibers (Krzesłowska 2011), which is bro-
ken down during the retting process. No study was found in 
the literature on this matter. For this reason, this study also 
investigated the potential influence of field retting on the 
HMs in the fibers and soil.

Material and methods

Site location

The field experiment took place in the North of France, 
on agricultural land nearby the former metallurgic indus-
try of Metaleurop-Nord. The closure of this plant in 2003 
left behind several economic, social, and environmental 
consequences for the region. Two experimental sites were 
used in this field experiment: one control site outside the 
contaminated zone of Metaleurop-Nord, at approximately 
4.5 km from the former metallurgic site (50°23′26.2″N 
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3°01′10.2″E), and one contaminated site inside the contam-
inated zone of Metaleurop-Nord at approximately 2.5 km 
from the former industrial plant (50°24′59.1″N 3°02′03.3″E) 
(Fig. 5 in Appendix 1). The control site is considered non-
contaminated, and the polluted site is moderately contami-
nated according to the legislation (Vlarebo 2008).

Experimental setup

The experimental design was set up the same way on both 
sites: an experimental parcel of 133.25 m2 was divided into 
8 micro-parcels of 19.5 m2 with 0.5 m between each plot. 
Half of the parcels were sown with the hemp cultivar USO 
31 (USO) and the other half with the hemp cultivar Carma-
gnola Selected (CS) in an alternating block design (Fig. 1).

Before sowing, the soil was prepared with 80 kg N/ha and 
150 kg P/ha on the control site and 90 kg N/ha and 40 kg 
K2SO4/ha on the polluted site. The different fertilization on 
both sites is the result of different soil characteristics. Both 
hemp cultivars were sown on the 12th of June, with a sow-
ing density of 50 kg/ha. The late sowing date is due to a 
very dry May month, with unsuited conditions for germi-
nation. The parcels were controlled regularly, scarecrows 
were placed to prevent seed loss to birds, and weeds were 
removed manually during the germination stage. One micro-
parcel of USO 31 on the contaminated site was damaged by 
rodents during this stage and was lost for this experiment. 
Hot weather alternating with heavy rainfall occurred during 
the months of the growing stage. Hemp was harvested when 
it achieved 50% of flowering (Fig. 6a in Appendix 2), as this 

is recommended to obtain optimal fiber quality for textile 
production (Westerhuis et al. 2019). The hemp cultivar USO 
31 was harvested on the 24th of August and the later culti-
var Carmagnola Selected on the 10th of September with a 
manual electric hedge trimmer with a handle. Within each 
of the 8 micro-parcels, a surface of 3 m2 was demarcated for 
harvest (Fig. 1). The border of 1 m around this 3 m2 surface 
was not harvested due to potential border effects. A border of 
2.5 m was left on the side where the machine started sowing 
to ensure correct sowing density, as the seeder needs 1 to 
2 m to come to full sowing capacity.

Plant parameters: stem length and diameter, stem 
and fiber yield

Before harvest, the stem height and diameter of 10 plants per 
micro-parcel were measured. After harvest, the hemp was 
field retted for about 4 to 5 weeks and was turned over every 
2 weeks, as recommended for hemp (Liu et al. 2015; Mazian 
et al. 2018) (Fig. 6b in Appendix 2). Per micro-parcel, 5 
randomly chosen hemp plants were removed from the field 
directly after harvest for the analysis of HM concentrations 
in unretted hemp fibers. By the end of the retting period, the 
stems were gray, and fibers could easily be peeled off. Retted 
and unretted hemp stems were air-dried vertically in wooden 
boxes in a dry and ventilated barn and turned upside down 
once a week to prevent rotting until dry. To dry the stems 
completely, they were put inside a cupboard with integrated 
hot-air blowers during the 3 last days of the drying stage. 
The hemp bundles from each micro-parcel were weighed. 

Fig. 1   Experimental setup on 
both the control and contami-
nated site
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The stems were passed through a lab-scale breaker unit 
(Worthmann Maschinenbau GmbH, Barbel-Harkebrügge, 
Germany) to separate the shives from the fibers (Fig. 6c in 
Appendix 2). Stem and fiber yields (kg/ha) were calculated 
by dividing respectively stem and fiber weight (kg) by the 
surface of the micro-parcel (ha).

Soil characterization

Before sowing, 3 soil samples were taken from each of the 
8 micro-parcels on both the control and contaminated sites 
to characterize the soil and analyze its heavy metal content. 
An auger was used to collect soil samples at 0–30-cm depth. 
Before soil characterization, the soil samples were sieved 
to pass a 2-mm sieve and oven-dried at 105 °C for 24 h. 
Soil pH, EC, and CEC were measured following standard 
methods described by Van Ranst et al. (1999). The water 
holding capacity (WHC) of the soil was determined by add-
ing excess water to 500 g of dry-weight soil. When water 
droplets stopped leaching from the pot, the soil was weighed 
again to obtain an estimation of the WHC. Organic mat-
ter (OM) content was measured through loss-on-ignition in 
a muffle furnace (LacCore 2013). The percentages of silt, 
clay, and sand particles were measured with a Bouyoucos 
Hydrometer (1962) to determine the soil texture. Total nitro-
gen was measured using the Kjeldahl digestion method.

Macro- and micro-nutrients, as well as total HM concen-
trations in soil, were determined by aqua regia digestion, 
inductively coupled plasma-optical emission spectroscopy 
(ICP-OES), and inductively coupled plasma mass spec-
trometry (ICP-MS). Aqua regia digestion was performed 
by weighing 1 g of soil per sample in an Erlenmeyer flask, 
where after 2.5 mL of deionized water, 2.5 mL of 65% 
HNO3, and 7.5 mL of 37% HCl were added. Erlenmeyer 
flasks were heated on a hot plate at 150 °C for 2.5 h after 
being covered with a watch glass and kept overnight for 
pre-digestion. After cooling down to room temperature, the 
digested soil solutions were passed through a Whatman filter 
paper (Cytiva, USA) and put into a 50-mL volumetric flask, 
pre-rinsed with 1% HNO3. Total concentrations of nutrients 

and HMs in the soil solutions were then determined with 
ICP-OES (Varian Vista MPX, USA) and ICP-MS (Thermo 
Scientific iCAP Q., USA).

To determine the phytoavailable HM fraction in the soil, 
a single CaCl2 extraction was performed by weighing 10 g 
of oven-dried soil in a glass beaker and adding 50 mL of 
0.01 M CaCl2 previous to mixing the soil solution for 2 h on 
an orbital shaker (Meers et al. 2007). After passing the solu-
tion through an ashless white filter paper (MN 640 m), phy-
toavailable HM concentration was determined using ICP-
OES. This phytoavailable HM fraction in the soil describes 
the available fraction of the heavy metals in the soil for plant 
uptake. It is presented as a percentage and was calculated 
as the following:

Cultivar choice

Two EU-registered hemp cultivars were chosen based on 
their flowering stage, yield, fiber quality, and suitability for 
cultivation in Central Europe, as well as based on their total 
HM concentrations in the authors’ former study (De Vos 
et al. 2022). Their characteristics are shown in Table 1.

Heavy metal concentrations in the fibers

The oven-dried fibers, previously rinsed with Milli-Q 
water to remove dust particles, were ground with a cross-
beater mill (Gladiator BO 3567). Per sample, 0.4 g fiber 
was weighed in a microwave tube, 5 mL of 67–69% HNO3 
was added, and closed microwave digestion was performed 
(ultraWAVE, Milestone Srl, Italy). After cooling down to 
room temperature, digested samples were transferred to 
centrifuge tubes and filled up to 50 mL with Milli-Q water. 
Whatman filter paper (Cytiva, USA) was used to filter the 
solutions before total HM concentration was analyzed with 

(1)

Phytoavailable HMfraction =
extractable concentrationsoil

total concentrationsoil
∗ 100%

Table 1   Characteristics of the 2 industrial hemp cultivars used in this study

Cultivar Reproduction Origin Flowering stage Biomass 
yield (DS 
ton/ha)

Fiber content (%) Varietal characteristics Reference

USO 31 Monoecious Germany Early 7.00 37.95 High fiber quality, good 
fiber strength, dual-pur-
pose crop (grain and fiber)

Vandepitte et al. (2020)

Carma-
gnola 
Selected

Dioecious Italy Late 12.57 27.90 High fiber quality, long fib-
ers, fiber, and shives crop

Tang et al. (2016); 
Vandepitte et al. 
(2020)

41668 Environmental Science and Pollution Research (2023) 30:41665–41681



1 3

ICP-OES (Varian Vista MPX, USA) and ICP-MS (Thermo 
Scientific iCAP Q., USA).

The extractable HM concentrations were analyzed by 
exposing the rinsed and oven-dried retted fibers to an arti-
ficial acid sweat solution containing 0.5 g/L C6H9O2N3.
HCl.H2O, 5 g/L NaCl, and 2.2 g/L NaH2PO4.H2O, accord-
ing to ISO 105-E04:2013(E)), also used by OEKO-TEX to 
determine extractable HM concentrations and safety limits 
(OEKO-TEX 2022). One gram of fiber per sample was put 
into a beaker with 50 mL of sweat solution and covered with 
a cap. The fibers sat for 30 min in the solution, and the mix-
ture was shaken regularly. Hereafter, the fibers were removed 
and squeezed out until no more solution was leaching. The 
solution was filtered with syringe filters (0.45 µm pore size) 
(Chromafil, Macherey–Nagel, Germany) and analyzed for 
Cd, Pb, and Zn concentration via ICP-MS (Thermo Scien-
tific iCAP Q., USA).

The bioconcentration factor (BCF) was calculated for the 
total aboveground plant biomass using total (BCFtot) and 
extractable (BCFextr) HM concentrations in the soil. The 
BCF indicates the plants’ ability for HM uptake from the 
soil into the plant tissues (Mishra and Pandey 2018). It is 
calculated for the different plant parts as follows:

Statistical analysis and calculations

Statistical data analysis was performed using MS Excel and 
SPSS Statistics 28. Before comparing means, the homogene-
ity of variance was tested. When the data were parametric, 
the data of the yields and HM concentrations in the soil 
and the hemp fibers were subjected to independent samples 
T-test to determine significant differences (p < 0.05) between 
means when comparing sites as well as cultivars. When the 
data were non-parametric, the 2 independent samples test 
was performed. The two-sided p was used to interpret the 
significance.

Results and discussion

Soil characterization

A summary of the physical and chemical properties of the 
soils used in this study is shown in Table 2. The OM of 
productive agricultural soils is generally between 3 and 6%, 

(2)BCFtot =
concentrationplant part

total concentrationsoil

(3)BCFextr =
concentrationplant part

extractable concentrationsoil

which corresponds with the OM of both experimental soils. 
Nevertheless, the OM of the contaminated site is 2 × higher 
compared to the OM of the control site. According to the 
USDA texture diagram (USDA 2017), the texture of the con-
trol and contaminated soils are, respectively, loam and clay. 
A loamy soil texture is considered a well-suited texture for 
hemp, while clay soil is less optimal (Harper et al. 2018). 
The CEC is extremely low for both sites, as, in loamy soils, 
CEC values lie in general between 5 and 15 meq/100 g, 
while in clay soils, they exceed 30 meq/100 g (Culman et al. 
2019).

Total metal and metalloid analysis of the soil (Table 3) 
showed that all concentrations were significantly higher in 
the contaminated soil compared to the control soil (p < 0.05), 
but only Pb, Cd, and Zn concentrations exceeded legal sani-
tation thresholds (mg/kg) for agricultural soils according 
to the Flemish legislation (Vlarebo 2008). Other elements 
stayed below background concentrations. Extractable HM 
concentrations showed different results when comparing 
both sites. The control site, when compared to the contami-
nated site, had higher extractable Al, Fe, and Mn concentra-
tions (p < 0.05), similar extractable Co, Cr, Cu, Ni, and Zn 
concentrations (p ≥ 0.05), and lower extractable Pb and Cd 
concentrations (p < 0.05). Extractable Pb and Cd exceeded 
legal sanitation thresholds for the HM concentration in 
groundwater.

The phytoavailable HM fraction (%) in the soil is related 
to the extractable HM fraction and was small compared 
to the total HM concentration in both soils, ranging in 
decreasing order of phytoavailability for the control soil 
as follows: Cd (4.3%) > Co (0.79%) > Cu (0.76%) > Ni 
(0.20%) > Pb (0.18%) > Zn (0.13%) > Cr (0.093%) > Fe 
(0.011%) > Al (0.011%). The contaminated soil followed 
a similar pattern, and the phytoavailability in it was similar 

Table 2   Physico-chemical properties of the experimental soils 
(mean ± standard deviation)

Properties Units Values

Control Contaminated

OM % 2.9 ± 0.2 6.1 ± 0.4
pH (H2O) 7.6 ± 0.0 7.5 ± 0.0
EC mS/cm 0.21 ± 0.02 0.27 ± 0.05
CEC meq/100 g 1.4 ± 0.1 2.3 ± 0.1
Texture Loam Clay
Total N mg/kg 200 ± 0 300 ± 0
Total P mg/kg 591 ± 22 757 ± 15
Total K mg/kg 2961 ± 51 2800 ± 40
Na mg/kg 160 ± 13 181 ± 10
Ca mg/kg 10,028 ± 1353 32,927 ± 1398
Mg mg/kg 2824 ± 53 3212 ± 26
S mg/kg 280 ± 5 488 ± 13
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to or lower than in the control site and ranged as follows: 
Cd (2.1%) > Co (0.76%) > Cu (0.46%) > Ni (0.16%) > Pb 
(0.11%) > Zn (0.062%) > Cr (0.087%) > Fe (0.0058%) > Al 
(0.0055%). The lower phytoavailability on the contami-
nated site should be attributed to the phenomena of “soil 
aging,” which results in the lower availability of HMs over 
time through interaction and complexation with soil parti-
cles (Lock and Janssen 2003).

Yields

Two hemp cultivars USO 31 and Carmagnola Selected (CS) 
were cultivated under field conditions in control and contam-
inated soil to better understand the impact of contamination 
on yields and the HM concentration in the hemp fibers. The 
stem height, stem diameter at harvest, stem yield, fiber yield, 
and fiber content are presented in Table 4.

Stem height and diameter were significantly higher 
on the control site compared to the contaminated site 
(p < 0.05) for both hemp cultivars, which also resulted in 
higher stem and fiber yield on the control site. Neverthe-
less, the fiber content of both cultivars was quite similar 
for both the control and the contaminated site. The pres-
ence of high concentrations of HMs on the contaminated 
site could play a role in the lower stem height, diameter, 
and yield of the hemp plants. Pietrini et al. (2019) reported 
no significant differences in stem height and stem diam-
eter between the control and the moderately contaminated 
site; however, the HM concentrations in the soil they used 
were half the value of the HM concentrations in this study. 
Guidi Nissim et al. (2018) observed no inhibition of hemp 
growth on moderately contaminated soils, with Pb and Zn 

concentrations similar to this study, but with around 50% 
lower Cd concentrations. Nevertheless, growth inhibition 
of around 50% was noticed by Shi et al. (2012) for a Cd 
concentration of 25 mg/kg in the soil, which is 5 × higher 
compared to the Cd concentration of the contaminated 
soil in this study. Higher Cd concentrations in this study 
could thus negatively impact the hemp height and stem 
diameter. Luyckx et al. (2021) showed a significant reduc-
tion in xylem vessel diameter when hemp was grown on 
Cd-contaminated land. This can affect the stem height 
and diameter and eventual stem yield. The study showed 
no significant reduction in xylem vessel diameter when 
growing on Zn-contaminated soil. Nevertheless, other 
studies have shown that hemp can grow on soil with much 
higher contamination levels (17 mg/kg) without negative 
effects (Linger et al. 2005). Soil characteristics also play 
an important role in the difference in stem height and stem 
diameter (Tang et al. 2016). The 2 sites were located only 
2 km away from each other to have a control and a con-
taminated site with different contamination levels but simi-
lar soil characteristics. However, soil characteristics were 
still not identical (Table 2). The soil texture on the control 
site was loamy, which is optimal for hemp growth, while 
clayish soil was present on the contaminated site, which 
is less optimal since excess soil wetness can lead to plant 
rotting (Roseberg et al. 2019).

When comparing hemp cultivars, CS had a significantly 
higher stem height and bigger stem diameter compared to 
USO 31 on both sites. This is the consequence of differences 
in hemp genotypes, i.e., USO 31 is an early cultivar, result-
ing in a shorter growth stage until flowering, while CS is a 
late cultivar with a longer growth stage and is known for 

Table 3   Metal and metalloid concentrations in the experimental soils (mean ± standard deviation) and threshold values for remediation for agri-
cultural soils (Vlarebo 2008)

Metals and 
metalloids

Units Total concentration Phytoavailable fraction Sanitation limits soil

Control Contaminated Control Contaminated Solid phase Aqueous phase

Al mg/kg 14,754 ± 297 18,124 ± 513 1.6 ± 0.6 1.0 ± 0.2 Al mg/kg
Co mg/kg 6.3 ± 0.2 7.1 ± 0.3 0.050 ± 0.010 0.054 ± 0.021
Cu mg/kg 11 ± 0 21 ± 1 0.084 ± 0.027 0.096 ± 0.035 120 0.1
Fe mg/kg 15,931 ± 458 18,861 ± 342 1.8 ± 0.7 1.1 ± 0.2
Pb mg/kg 62 ± 2 233 ± 4 0.11 ± 0.01 0.26 ± 0.02 200 0.02
Ni mg/kg 15 ± 1 23 ± 11 0.030 ± 0.012 0.036 ± 0.011 93 0.04
Cr mg/kg 25 ± 1 31 ± 1 0.024 ± 0.011 0.027 ± 0.011 130 0.05
Cd mg/kg 1.3 ± 0.0 4.7 ± 0.2 0.056 ± 0.002 0.10 ± 0.00 2 0.005
Zn mg/kg 160 ± 4 340 ± 13 0.21 ± 0.03 0.21 ± 0.02 333 0.5
As mg/kg 8.4 ± 0.2 12 ± 0 58
Hg mg/kg  < 0.0068 0.11 ± 0.01 2.9
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high biomass yields (Table 1). As plants are harvested at 
flowering, late cultivars which have a longer growth period 
in the field will tend to produce more stem mass (Struik et al. 
2000; Tang et al. 2016; Vandepitte et al. 2020).

The cultivation in the contaminated site had a greater 
impact on cultivar CS compared to USO 31 (Table 4). Stem 
yields were 36% and 52% higher on the control site respec-
tively for USO 31 and CS compared to the contaminated 
site. For both cultivars, stem yields on the control site were 
very similar to the stem yields of hemp grown on non-con-
taminated agricultural soil in the study of Vandepitte et al 
(2020). This shows that the cultivars grew as expected on 
the control soil. Even though stem yields on the contami-
nated soil were significantly lower, CS grown on the con-
taminated site still had stem yields similar to USO 31 stem 
yields on non-contaminated soil, as well as to 2 other hemp 
cultivars grown on non-contaminated soil from the study 
of Vandepitte et al. (2020). This shows that still a sufficient 
stem yield can be obtained on contaminated soil for hemp 
biomass production through phytomanagement. Moreover, 
in the context of the valorization of contaminated sites, this 
is a good opportunity for contaminated land that would 
be left unused due to the contamination, otherwise, with 
interesting yields and sufficient fiber content when growing 
industrial hemp.

When looking at the fiber yields, 32% and 54% higher 
yields (p < 0.05) were observed on the control site for, 
respectively, USO 31 and CS. Fiber yields from the control 
site were lower compared to the fiber yields from the study 
of Vandepitte et al. (2020) for both USO 31 and CS. This 
can be because the hemp fibers of this study were separated 
from the shives manually, inducing more fiber loss, while in 
the study of Vandepitte et al. (2020), hemp scutching took 
place on an industrial flax line. For both hemp cultivars, the 
fiber content (retted fiber weight/retted stem weight) did not 
differ significantly between the control and contaminated 
site (Table 4). The fiber content of USO 31 was significantly 
higher compared to CS on both sites, which was expected as 
the early cultivar USO 31 is known for its higher fiber con-
tent compared to the late cultivar CS (Vanderhoeven et al. 
2020; Troch et al. 2020).

Heavy metal uptake in the fibers

Total heavy metal concentration

Total Cd, Pb, and Zn concentrations in the fibers of both 
hemp cultivars were measured on the control and contami-
nated site, as shown in Fig. 2.

Total Cd, Pb, and Zn concentrations were significantly 
higher (p > 0.001) in the fibers produced on the contami-
nated site compared to the control site for both hemp cul-
tivars. The increase in concentrations in the contaminated Ta
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fibers compared to the control fibers was similar for the two 
cultivars, of around 1.5 × for Zn and 2.5 × for Cd and Pb. 
Angelova et al. (2004) analyzed the HM concentrations in 
hemp fibers grown on contaminated soil with similar con-
centrations to those in the present study for Pb, 2.5 × higher 
for Cd, and 1.5 × higher for Zn. The HM concentration in the 
fibers was also approximately 2 × to 3 × higher for Cd and 
1.5 × higher for Zn compared to the present study, showing 
a similar rate of HM uptake in the fibers. However, for Pb, 
results differed with fiber concentrations 3 × to 6 × higher 
in the study of Angelova, while soil concentrations were 
similar. This indicates that HM uptake does not only depend 
on the HM concentration in the soil but also depends on soil 
characteristics and plant genotype, as well as climatic condi-
tions (Husain et al. 2019; Tang et al. 2016).

Looking at the potential safe use of the hemp fibers com-
ing from a contaminated site for textile production, the HM 
concentrations in the fibers were assessed against the OEKO-
TEX toxicity control values, which is a worldwide used 
label in the textile industry to guarantee qualitative and safe 
products to the customer. Total Pb and Cd concentrations 
were far below the toxicity limits (40 mg/kg Cd and 90 mg/
kg Pb), while no toxicity limit for total Zn concentration is 
included in the OEKO-TEX standards. Sungur and Gülmez 
(2015) analyzed the concentrations of HMs in dyed textile 
fabrics from different textile plants. In cotton fibers, Cd con-
centrations were around 61 × and 19 × higher compared to 
the Cd concentrations in the fibers of respectively USO 31 
and CS. Pb concentrations were around 12 × and 2.5 × higher 

compared to Pb concentrations in, respectively, USO 31 and 
CS fibers. The analysis of different synthetic fabrics also 
showed far higher Cd and Pb concentrations compared to the 
concentrations in the fibers of this study, while all fabrics in 
the study of Sungur and Gülmez (2015) met the OEKO-TEX 
safety standards. These results show that the dyes are the 
major factor for increased concentrations of HMs in the fib-
ers and fabrics and that the contamination in the fibers itself 
seems to be low compared to the added HM concentrations 
through dyes. As a consequence, these results are promising 
for the production of dyed fabrics made from fibers grown 
on contaminated land, meeting the OEKO-TEX standards. 
However, natural and sustainable dyes should always be 
preferred.

Extractable heavy metal concentration

Besides total HM concentration, the extractable HM con-
centration is essential from a safety point of view to evalu-
ate the risks and potential safe use of the fibers for textile 
production. While part of the HMs stays bound in the 
fiber, the extractable part of the HMs can come in contact 
with human skin through sweating and can end up in the 
water when textile products are washed. Legal thresholds, 
as well as OEKO-TEX thresholds, exist for extractable 
HMs in textile products. Therefore, extractable Cd, Pb, 
and Zn concentrations in the fibers of both hemp cultivars 
were measured on the control and contaminated sites, as 
shown in Fig. 3.

Fig. 2   Total Cd, Pb, and Zn 
concentrations in hemp fibers 
grown on control and con-
taminated site after field retting. 
The lowercase letters indicate 
significant differences between 
the sites; the uppercase letters 
indicate significant differ-
ences between hemp cultivars 
(p < 0.001)

b,B

b,A
a,B

a,A

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

USO 31  CS

To
ta

l C
d 

co
nc

en
tr

a�
on

 (m
g/

kg
)

b,B

b,A
a,B

a,A

0

2

4

6

8

10

12

USO 31  CS

To
ta

l P
b 

co
nc

en
tr

a�
on

 (m
g/

kg
)

b,B

b,A

a,B

a,A

0
5

10
15
20
25
30
35
40
45
50

USO 31  CS

control

contaminated

To
ta

l Z
n 

co
nc

en
tr

a�
on

 (m
g/

kg
)

Fig. 3   Extractable Cd, Pb, and 
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contaminated site after field 
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Similar patterns in extractable Cd, Pb, and Zn concentra-
tions were found for USO 31 when comparing sites. For 
the 3 elements, the extractable concentration in the fibers 
from the control site was slightly higher compared to the 
fibers from the contaminated site, even though the total HM 
concentrations were always higher in the fibers from the 
contaminated site (Fig. 2). For the CS cultivar, the opposite 
trend was shown for the 3 elements, i.e., the fibers from the 
control site had lower extractable concentrations than the 
ones from the contaminated site, and this difference was 
significant for the 3 elements (p < 0.05). However, even 
if differences were occasionally significantly different, 
the extractable concentrations were overall quite similar 
between the fibers from control and contaminated sites.

When looking at the difference between hemp cultivars 
on the same site, extractable Cd, Pb, and Zn concentra-
tions in the fibers from the control site were overall higher 
in USO 31 compared to CS. On the contaminated site, the 
opposite trend was shown except for Pb. Nevertheless, even 
though significant, the differences in HM concentrations 
between the cultivars on the same site were very small. The 
extracted fraction of the total HM concentration was 38% 
for Cd, 27% for Pb, and 29% for Zn in the USO 31 control 
fibers and, respectively, 12%, 10%, and 18% for Cd, Pb, and 
Zn in the contaminated fibers. For the CS cultivar, 6%, 3%, 

and 11% of, respectively, total Cd, Pb, and Zn concentra-
tions were extracted from the control fibers and 7%, 2%, and 
7% of, respectively, total Cd, Pb, and Zn concentration was 
extracted from the contaminated CS fibers. These results 
show that Cd and Zn seem to become mobile more easily 
when subjected to a sweat or washing solution compared to 
Pb. This could mean that Cd and Zn are more weakly bonded 
to the fibers compared to Pb or that Pb is accumulated in 
lesser accessible fiber parts. According to Fritz (2007) and 
Krzesłowska (2011), Pb2+ cations are more strongly bonded 
to pectin, a component of the hemp fiber, compared to Zn2+ 
and Cd2+ cations.

When assessing the extractable Cd, Pb, and Zn concentra-
tions in the hemp fibers against the OEKO-TEX standards, 
the values were far below the toxicity limits for Cd, Pb, and 
Zn (0.1 mg/kg, 1.0 mg/kg, and 750 mg/kg). The extract-
able concentrations were also compared to legal standards 
from Regulation (EC) No 1907/2006 (appendix 12) of the 
European REACH legislation (EC 2018). These legal stand-
ards demand Pb and Cd concentrations below 1 mg/kg after 
extraction, which were also met in this study, while Zn is not 
included in the legislative limits as a toxic element in textile 
products. It should be noted that the discussed OEKO-TEX 
standards apply to adult clothing products and that for baby 
textile products the extractable Pb toxicity limits are lower 

Table 5   HM concentrations in 
USO 31 and CS hemp fibers 
before and after field retting

Cd Pb Zn

SO 31 CS SO 31 CS SO 31 CS

Control site
 Unretted 0.068 ± 0.009 0.076 ± 0.029 0.38 ± 0.05 0.47 ± 0.21 8.9 ± 1.7 7.0 ± 0.6
 Retted 0.075 ± 0.005 0.27 ± 0.02 0.82 ± 0.13 3.2 ± 0.1 10 ± 0 23 ± 0.8
Contaminated site
 Unretted 0.16 ± 0.01 0.087 ± 0.002 2.7 ± 0.7 1.0 ± 0.4 12 ± 1 13 ± 1
 Retted 0.19 ± 0.01 0.62 ± 0.02 2.0 ± 0.2 10 ± 1 14 ± 0 43 ± 2

Fig. 4   Visual evaluation of the 
retted CS and USO 31 fibers

Re�ed CS fibers Re�ed USO 31 fibers
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(0.2 mg/kg). Thorough control or even avoidance of use is 
advised when using the fibers for baby textile products since 
extractable Pb concentrations of the hemp fibers in the pre-
sent study exceeded this limit. This was only the case for 
USO 31, which has been shown to have a higher affinity to 
Pb uptake compared to CS (De Vos et al. 2022). However, 
it should be noted that the extractable Pb concentrations in 
the control fibers were higher (p < 0.05) compared to that in 
the contaminated fibers and that thus careful control of the 
Pb concentrations in textile fibers should occur in all fib-
ers and not only in those coming from a contaminated site. 
Sungur and Gülmez (2015) analyzed the extractable fraction 
of HMs in different dyed fabrics through an artificial sweat 
solution, very similar to the one used in this study. Extract-
able Pb concentrations in dyed cotton and acrylic fabrics 
were around 8 × and 10 × times higher compared to Pb con-
centrations in, respectively, USO 31 and CS fibers of this 
study, while Cd and Zn concentrations were not analyzed. 
These results show that, as with the total HM concentrations, 
the extractable HM concentrations from the dyes are much 
more important and the extractable concentration of HMs 
coming from the contamination on-site could be considered 
negligible compared to that of HMs in dyes. Again, natural 
dyes should be chosen to lower the HM concentrations to a 
minimum in textile products.

Influence of field retting on the HM concentrations 
in the hemp fibers

Cd, Pb, and Zn concentrations were analyzed in the hemp 
fibers right before harvest and after field retting. The HM 
concentrations in unretted and retted USO 31 and CS fibers 
are presented in Table 5.

For hemp cultivar USO 31, Cd and Zn concentrations 
overall did not differ between unretted and retted fibers 
on both sites. Pb concentrations were significantly lower 
in unretted compared to retted fibers in the control site, 
while the opposite was true for the contaminated site. Nev-
ertheless, HM concentrations could be considered simi-
lar in unretted and retted USO 31 fibers due to the small 

differences observed, even when statistical significance was 
found. The small decrease in Pb concentration in the con-
taminated site could be due to the degradation of pectin in 
the fibers during the retting process. It has been shown that 
pectin can bind divalent and trivalent metal ions as a defense 
mechanism against HM stress and that Pb2+ has a higher 
binding affinity than Cd and Zn (Krzesłowska 2011). For 
the CS fibers, all 3 elements showed significantly higher 
concentrations in the retted fibers compared to the unretted 
fibers, on both the control and contaminated site. With ret-
ting, the HM concentrations in the fibers increased 4 × , 7 × , 
and 3 × , respectively, for Cd, Pb, and Zn, on the control site 
and 7 × , 10 × , and 3 × , respectively, for Cd, Pb, and Zn, on 
the contaminated site.

The reason that CS fibers showed a significant increase 
in HM concentrations upon retting while USO 31 fibers did 
not can be due to the difference in climatic conditions of the 
respective retting periods. The hemp cultivar CS was har-
vested 17 days later than USO 31 and was retted for 5 weeks, 
while USO 31 was retted for 4 weeks. The retting period of 
USO 31 was associated with low rainfall, while the retting 
period of CS included frequent rains, which resulted in more 
extensively retted CS fibers compared to the USO 31 fibers. 
The degree of retting can be evaluated by the ease of sepa-
rating the fibers from the woody core and by the change in 
color of the fibers. A higher degree of retting results usually 
in darker fibers (Manian et al. 2021) (Fig. 4).

Since retting degrades pectin in the hemp fiber and the 
study of Krzesłowska (2011) has shown the affinity of 
HMs to bind with pectin, a reduction in HM concentra-
tions due to pectin removal could be expected. However, 
the results in this study showed that field retting on HM-
contaminated soil overall increased the HM concentra-
tions in the fibers. During pectin removal through retting, 
the hemp fiber bundles and fibers, bound together by 
pectin, are separated, and fibers are less enclosed in the 
hemp stem, thereby being more in contact with external 
influences, such as soil moisture. Hemp fibers have a 
hydrophilic nature and thus tend to take up moisture. 
The cellulose in the fibers contains free hydroxyl groups 

Table 6   BCFtot and BCFextr for Cd, Pb, and Zn in the hemp fibers, for USO 31 and CS

Cd Pb Zn

Cultivar Site Total Extractable Total Extractable Total Extractable

USO 31 Control 0.054 ± 0.007 1.2 ± 0.2 0.0062 ± 0.0006 3.5 ± 0.2 0.056 ± 0.011 44 ± 14
Contaminated 0.033 ± 0.002 1.4 ± 0.2 0.012 ± 0.003 9.9 ± 1.8 0.034 ± 0.002 57 ± 8

CS Control 0.060 ± 0.024 1.4 ± 0.4 0.0077 ± 0.0037 4.9 ± 2.6 0.044 ± 0.004 44 ± 9
Contaminated 0.019 ± 0.001 0.79 ± 0.10 0.0044 ± 0.0016 3.9 ± 1.5 0.039 ± 0.002 69 ± 12
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which easily form hydrogen bonds with water molecules 
(Shahzad 2012). Fibers are also known to be excellent 
sorbents for HMs in wastewater treatment (Morin-Crini 
et al. 2019). Studies have shown that functional groups 
such as carboxylic, carbonyl, and hydroxyl groups pre-
sent in hemp fiber components (cellulose, hemicellu-
loses, lignin, and extractives) have a high affinity for 
binding metal ions (Mongioví et al. 2021; Tofan et al. 
2010). Thus, it could be that the hemp fibers took up 
some soil humidity containing HMs while retting on 
the ground. Since the fibers were well washed and dried 
before analysis, the argument of the increase in HM con-
centration due to soil dust on the fibers or difference in 
moisture content can be rejected. Also, the hypothesis 
that the increase in HM concentrations would be the 
result of the degradation of lignin, containing no HMs 
in this hypothesis, can be rejected since hemp fibers con-
tain approximately 1–17% of pectin (Liu et al. 2017a, 
b), resulting thus in a maximal decrease in biomass by 
17%, which corresponds to an increase in HM concentra-
tion with maximal multiplication factor 1.2, while HM 
concentrations multiplied at least 3 × up to 10 × . As a 
consequence, these high increases in HM concentrations 
cannot be due only to weight loss due to lignin removal.

Field retting seems thus to be less suitable when aiming 
for the lowest HM content in the fibers. Moreover, field ret-
ting is very difficult to control since it is dependent on the 
climate, resulting in difficulties to maintain the same fiber 
quality over the years (Troch et al. 2020), which is impor-
tant for textile production. Thus, other retting methods than 
field retting, such as enzymatic retting (Dreyer et al. 2002; 
Liu et al. 2017a) or chemical retting methods (Hurren et al. 
2012), should be investigated in any circumstances but espe-
cially when cultivating hemp on non-contaminated soil.

Bioconcentration factor

The bioconcentration factor (BCF) was calculated for the 
fibers with total and extractable Cd, Pb, and Zn concentra-
tions as presented in Table 6.

The BCFtot was far below 1 for the 3 elements, indi-
cating that hemp does not tend to accumulate these HMs 
in its fibers. Previous literature has shown that hemp is 
not a candidate for phytoextraction when calculating the 
BCF with the total above-ground biomass (Usman et al. 
2019). The results on BCFtot in this study are in line 
with the findings on BCFtot in the hemp cultivars on a 
greenhouse scale in the authors’ previous study (De Vos 
et al. 2022), indicating that the study at the greenhouse 
level is reliable. Hemp fibers tend to accumulate Cd 

and Zn the most easily, while Pb is taken up to a lesser 
extent in the fibers, as shown in Table 6. Pietrini et al. 
(2019) showed that Cannabis sativa L. tends to accu-
mulate Pb mainly in the roots, with minimal transloca-
tion to the above-ground biomass, which explains the 
relatively low BCFtot for Pb in the fibers in the present 
study. For hemp cultivar USO 31, the BCFtot was higher 
on the control site compared to the contaminated site 
for Cd and Zn. The lower BCFtot on the contaminated 
site can be attributed to the phenomenon of soil ageing, 
i.e., that a fraction of the HMs present in the soil forms 
complexes with soil particles over time, rendering this 
fraction non-available for plant uptake. However, for Zn, 
the difference was not significant (p > 0.05). For Pb, the 
BCFtot was significantly higher on the contaminated site 
compared to the control site. This can be linked to the 
high affinity for cultivar USO 31 to take up Pb in its 
above-ground biomass (De Vos et al. 2022). For the CS 
cultivar, the BCFtot was similar on control and contami-
nated soil for all 3 elements (p < 0.05), thus the more 
HMs are concentrated in the soil, the more HMs are 
taken up in the fibers of the plant.

When looking at the BCFextr, different results than for 
the BCFtot are found. All BCFextr, except for Cd for con-
taminated CS fibers, were above 1, indicating that hemp 
fibers have a certain affinity to take up these HMs, with 
accumulation rising in the following order: Cd < Pb < Zn. 
Cd tends to be less bioavailable to plants compared to Pb 
and Zn but also tends to be less complexed with soil parti-
cles during soil ageing, resulting in a greater bioavailable 
fraction compared to Pb and Zn over time. These results 
were similar to the study of Hadi et al. (2014), showing that 
the extractable HM concentrations tend to be comparable 
to spiked HM concentrations that are still fully bioavailable 
to plants, and that soil ageing significantly lowers the bio-
availability of HMs to plants (Roca et al. 2017). Moreover, 
Di Candilo et al. (2004) showed that increasing spiked con-
centrations of Cd results in increased BCF in upper plant 
parts in hemp, while for Pb, the BCF declines when spiked 
concentrations in the soil increase. This can indicate that, 
apart from soil ageing, different plant uptake mechanisms 
for Cd and Pb also play a role in the HM uptake in the 
plant. Finally, since Zn is an essential element, it is likely 
to be taken up in greater amounts compared to Cd and Pb, 
which are non-essential elements to the plant (Nordløkken 
et al. 2015).

BCFextr was similar on control soil and contaminated soil 
for Cd and Zn for hemp cultivar USO 31, indicating that 
the ratio between the total HM concentration in the fibers 
and the available HM concentration in the soil is constant. 
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In other words, the more HMs are available in the soil, the 
more HMs will be concentrated in the hemp fibers. For Pb, 
the BCFextr was higher in contaminated soil compared to 
the control site, supporting the fact that USO 31 has shown 
an affinity for the uptake of Pb in its above-ground biomass, 
including the fibers (De Vos et al. 2022). For hemp cultivar 
CS, The BCFextr was similar on control and contaminated 
sites for Pb. The BCFextr for Cd was lower in the contami-
nated soil compared to the control soil, indicating that only 
a limited amount of the phytoavailable Cd is taken up by 
the plant into the fibers. For Zn, it was the way around, as 
the BCFextr was higher on the contaminated site (p > 0.05), 
showing that HM uptake in the fibers increased.

Cannabis sativa L. is generally not presented in the litera-
ture as a hyperaccumulator but as a high biomass crop that 
tends to tolerate HM contamination in soil and as a suitable 
candidate for phytoremediation when coupled with biomass 
production for economic valorization (Citterio et al. 2003; 
Linger et al. 2002a, b, c; Rheay et al. 2021). This tolerance 
to HMs is achieved through a plant-specific defense mecha-
nism (Citterio et al. 2003; Husain et al. 2019; Kos et al. 
2003; Linger et al. 2002a, b, c) and is the consequence of 2 
genes detected in Cannabis sativa L., which are expressed 
under HM stress to protect the plant cells against oxidative 
damage (Ahmad et al. 2016). When comparing the BCF of 
Cannabis sativa L. with a well-studied hyperaccumulator 
Thlaspi caerulescens, the phytoextraction potential of the 
latter was over 16 times higher for Cd uptake (Citterio et al. 
2003; Linger et al. 2002a, b, c).

This study shows that conclusions about the phytoreme-
diation potential of industrial hemp will differ depending on 
the use of BCFtot or BCFextr. In general, the BCFtot is used 
when assessing the affinity of a crop toward HM uptake 
(Delplanque et al. 2013; Hosman et al. 2017; Paulauskas 
and Kasiulienė, 2019; Shi et al. 2012; Thijs et al. 2018; 
Usman et al. 2019; Xiao et al. 2015). However, since only 
the available fraction of the HMs present in the soil can 
be taken up by plants, the authors believe that the BCFextr 
would be better suited as a measure to compare different 
crops and plants for their phytoremediation potential, espe-
cially when comparing plants growing under different soil 
conditions. In that case, this study shows that Cannabis 
sativa L. has only a very limited tendency to extract Cd 
from the soil into its fibers, a low tendency to extract Pb, 
and does extract Zn into its fibers. Since Zn is an essential 
element, it seems to be taken up in fixed amounts. Finally, 
when comparing plants growing in different soil conditions, 
BCFextr can show the differences in HM uptake between 

plant species or soil organisms linked to the specific HM 
uptake mechanism of these certain species. This cannot be 
done with BCFtot since it does not take into account HM 
interactions with the soil related to soil properties and soil 
ageing processes.

Conclusion

In this study, the growth of industrial hemp on land 
contaminated by Cd, Pb, and Zn was assessed, as well 
as the HM accumulation in the hemp fibers. Con-
trary to several previous studies, stem yields showed 
a significant decrease on the contaminated site when 
compared to the control site. However, the yield was 
still sufficient to make this cultivation attractive for 
the valorization of a contaminated unproductive site. 
Also, yields are influenced by the soil characteristics, 
e.g., soil structure or nutritional state, and therefore, 
the lower yields found might not have been directly 
influenced by the soil contamination. CS had the high-
est stem and fiber yield on the contaminated site, while 
USO 31 had the highest fiber content. Higher stem 
height and bigger stem diameter were observed for CS 
compared to USO 31 on both sites. Looking at the con-
tamination levels, significantly higher total Cd, Pb, and 
Zn concentrations were observed in the contaminated 
fibers compared to the control fibers of both hemp cul-
tivars, while for the extractable HM concentrations, 
the differences were small, and extractable HM con-
centrations could be considered as similar in control 
and contaminated fibers. Both total and extractable Cd 
and Pb concentrations in the fibers were far below the 
toxicity limits from the OEKO-TEX label, which sug-
gests the safe use of the fibers for textile production. 
The BCFtot. was below 1, indicating that hemp fibers do 
not tend to accumulate HMs, while the BCFextr. showed 
that hemp tends to take up the bioavailable fraction of 
HMs in the soil in the following order: Cd < Pb < Zn. 
Finally, field retting can result in significantly higher 
hemp fiber concentrations, as was seen in CS fibers. 
When cultivating hemp for textile production, other ret-
ting methods should be preferred to prevent additional 
HM uptake in the fibers. The results of this study are 
very promising for coupling the valorization of con-
taminated soils with the use of hemp fibers as a safe 
feedstock for the textile industry.
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Appendix 1

See Fig. 5

Fig. 5   Location of the former 
metallurgic plant of Met-
aleurop-Nord (yellow dot), the 
contaminated site (red dot) and 
the control site (green dot) in 
the North of France
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See Fig. 6
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