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Abstract: The study of different possible biomass valorization routes is crucial in order to diversify
phytomanagement options, allowing the landowner /stakeholder to choose the best option based on
site characteristics and the benefits of local value chains. In the current study, field and laboratory
experiments were conducted to assess the suitabilitity of Malva sylvestris L. for the phytoattenuation
of a dredged sediment disposal site contaminated with trace elements (trace element (Cd, Cu, Pb,
and Zn). The selected crop was Malva sylvestris, a flowering plant from which a colourant can be
extracted to be used in dying of textiles as a way to valorize the produced biomass grown on this
contaminated land. Under the conditions of the investigated site, the analysis of TE in the sediment
and the biomass matrix showed no effect of M. sylvestris on the sediment TE contamination mobility
with an excluder phenotype (Bioconcentration factor < 1). Metal concentrations were found to be
the highest in the leaves followed by in the stem and flower. The dye extract obtained from the
flower part of M. sylvestris permitted the silk alum-pretreated fabric to be dyed yellow, and the TE
concentration in the dyed textile fabrics respected the threshold values set by OEKO-Tex standard
100.

Keywords: dye extraction; dye test; Cd; Zn; Pb; phytostabilization; mallow

1. Introduction

Marginal lands can be characterized as soils that are unsuitable for conventional
utilization purposes due to several causes, with contamination or soil fertility problems
being the most common causes [1,2]. When conventional management techniques are not
applicable and when land-use options are limited, e.g., contaminated land with a large area
and a high environmental cost for soil treatment with chemical methods, phytomanagement
can be a promising solution.

Phytomanagement is based on the choice of the best-adapted phytotechnology to re-
duce the risks that are caused due to the presence of pollutants combined with a strategy to
value the land, with one way being to valorize the plant biomass produced on the contami-
nated land [3-7]. When the land marginality is due to trace element (TE) contamination,
various phytotechnology strategies using certain species of plants can be applied on the
site to manage environmental and health risks: phytoextraction or phytostabilization [8].
Phytoextraction can be defined as a technique that permits partial clean-up through the
uptake of the bioavailable TE fraction in the soil. Soil clean-up is performed by repeating
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the export of TE-enriched plant biomass. This TE removal can be achieved by using hyper-
accumulator species (e.g., Arabidopsis halleri L.) that contain high TE concentrations in their
biomass or crops with a high biomass yield and lower TE concentration (e.g., Salix viminalis
L.) [3,7]. Nonetheless, the applicability of phytoextraction can be limited by several reasons,
such as multi-TE contamination and a significant time being required to achieve remedia-
tion [7]. In contrast, phytostabilization consists of the use of plant species with an excluder
phenotype, i.e., a plant with a bioconcentration factor < 1, to limit the TE transfer between
the soil and the aboveground part of the plant. In addition, such a plant can decrease the
TE mobility in the soil through the effects of the root system [4,7,9]. In this way, the aim of
phytostabilization is not to clean the pollution from the soil but to confine it by controlling
the TE transfer pathways. Annual herbaceous plants can be used as phytomanagement
tools to manage TE in contaminated soils, but studies to date have mainly focused on
species of negligible economic value. The combination of a more gradual improvement of
soil quality using plant-based techniques with the economic valorization of the produced
biomass is also referred to as phytoattenuation. In this strategy, the economic use of the
land as well as the risk mitigation of the contamination itself are the primary goals.

The diversity of the plant species involved in phytomanagement (e.g., trees, industrial
crops, herbs, and aromatic plant) could allow biomass valorization as a material (fibers,
essential oil, eco-catalyst) or as an energy source (combustion, biogas, bioethanol) [6,10-19].
These non-food purposes might be integrated into the biobased market and can contribute
to its development. Specifically, In the European chemical market in 2019, only 3% of the
products were biobased, with more than 51% of biomass feedstock being imported. The
maturity of this sector was considered low or medium. However, the biobased chemical
market is expected to grow in the coming years [20]. This will lead to an increase in
biomass needs and in the intensification of land use, which might reduce biomass import-
dependency in Europe. In this context, the reuse of marginal land can promote this increase
in biomass production without competing with agricultural land [2]. According to the
“paints, coating, inks and dye” sector, 12.5% of the content of these products were biobased
and mainly concern solvents and polymers, not dyes [20]. In this sector, the substitution
of synthetic dyes with biobased natural alternatives is a worldwide emerging research
subject. These natural dyes could be used in various applications, such as in paint, food,
chemical indicators, and textiles, and in emerging ones, such as materials for solar panels
or pharmaceuticals [21,22]. Specifically, the textile sector is one of the most environmentally
harmful sectors that use dyes; the use of synthetic metallic dyes composed of TE such as
Cr, Co, Cu, and Pb results in a high content of pollutants in the wastewater of the dyeing
process [23]. Therefore, the textile sector could highly benefit from biobased natural dyes,
enhancing this sector’s environmental sustainability [24].

Malva sylvestris L. (common mallow) is considered a native species in Europe, North
Africa, and Asia. Numerous studies have investigated the pharmacological properties of
M. sylvestris, notably in the flowers and the leaves, and its use as a medicinal plant [25,26].
Moreover, M. sylvestris has been reported as a potential tinctorial plant [27], and a green-
yellow color could be obtained in textiles [28]. Nevertheless, despite M. sylvestris being
reported as a metal-tolerant plant in Europe [29-31] and as adequate for use in several
non-food biomass valorization chains [32-34], no studies have combined these two factors
to date.

This paper aims to conduct the first screening of an emerging biomass valorization
chain that is based on the use of M. sylvestris in a phytomanagement strategy to work with
a TE-contaminated site to produce a natural dye that has been extracted from flowers for
use in a textile product. The adequacy of M. sylvestris for phytomanagement was evalu-
ated through the study of (1) the growth performance of the plant on a TE-contaminated
site, (2) the cultivation effect on the TE contamination mobility in the site, and (3) the TE
concentration in different plant compartments composing the biomass. As its behaviour
in response to TE (accumulator or excluder) is not known, its relevancy for other phy-
totechnologies was not chosen a priori. The use of M. sylvestris flowers to obtain a dye was



Appl. Sci. 2021, 11, 10613

30f18

studied through a dyeing test on textile fabrics that either may or may not have received
pretreatments. To assess the quality of the produced textile fabrics, the TE concentrations
in the dye extracts and dyed textiles were determined. Other value chain options were also
explored therhetically.

2. Materials and Methods
2.1. Site Description and Experimental Device

The experimental site was a former dredged sediment disposal site located in Fresnes-
sur-Escaut (Hauts-de-France, France; 50°25'41.1"" N 3°35/01.9"" E) [18,35]. Between 1978
and 1989, this site received sediment from dredging activities on rivers and canals. TE
concentration analyses of the sediment exhibited a high degree of contamination in this
site. On three areas, an experimental setup with nine plots of 25 m? per area (Area 1,
Area 2, Area 3, Figure 1) was devised in April 2019 to assess the applicability of different
plant species for phytomanagement [18]. To reduce herbivory damage, the plots were
protected by a 2 m high fence, which was buried down to 50 cm below ground. M. sylvestris,
one of the species tested and the focus of this study, was sown on one plot of each area
on the 16 and 17 May 2019, and the plants were harvested on 31 July 2019. During this
period, the mean temperature was 17.2 °C (maximal temperature registered of 41.5 °C),
and the cumulative precipitation was 130.7 mm [36]. The sediment was prepared (tillage
and mechanical weeding, Figure 1) to allow for the manual sowing of the seeds [37]. The
sowing design (Figure 1) that was applied for this species and the distance between the
seedling line and the seed (0.5 m) were based on horticultural recommendations [38]. After
seed germination, manual weeding was performed, and no chemical products were used
due to constraints imposed by the site’s manager.

Sowing Design
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Figure 1. Aerial pictures of the site experiment and the plot device with the different areas (VSRC: very short rotation
coppice; Area 1; Area 2; and Area 3), Malva sylvestris L. sowing design, and pictures of the different actions realized on the field.

2.2. Sediment Sampling and Analysis

As described in Perlein et al. [18], two sediment sampling moments were performed
during the experiment, one just before sowing and the second at harvest. The samples
were collected with a hand auger, which permitted the sampling of the first 20 cm of the
sediment depth. The sampling before sowing (middle of May) was conducted at five
random collection points per plot, while the sampling during the harvest (end of July)
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consisted of ten random collection points per plot. For each sample that was collected,
around 250 g of fresh sediment was dried until constant weight was achieved in a forced-
air oven (40 °C), and the dry sediment (DS) was mechanically ground (Retsch BB51) and
sieved to <2 mm. After this preparation, the pH was measured, and the extraction of TE by
ammonium nitrate (1 M, NH4NO3) was performed. The pH measurements were based
on NF ISO 10390 (2005), in which a mixture of 5 g of DS and 25 mL of distilled water was
shaken for 2 h, followed by 1 h of rest before the pH was measured (pH meter Hanna edge).
The TE was extracted from the DS following the NF ISO 19730:2008 (E) [39], in which
25 mL NH4NO;3 (1 M) was mixed with 10 g of DS. To obtain the leachate containing the
extractable TE fraction, after 2 h of shaking, the mixture was filtered (0.45 um, Millipore),
and nitric acid (HNO3, 69%) was added until a pH of 2 was reached.

A sediment composite was created for each area by mixing 50 g of fresh sediment
per sample collected before sowing. On these three composites, the analysis of the agro-
nomic sediment parameters was subcontracted (Laboratoire Départemental d”Analyses
de la Mayenne, La Mayenne, France, Supplementary Materials Table S1). Moreover, total
digestion of the three sediment composites was performed in triplicates after a preparation
step (drying at 40 °C; ball mill grinding at 250 pm, Lavallab Pulverisette 6). In a microwave
digester (Mars Xpress CEM), a mixture of 0.2 g of sediment and 6 mL of hydrofluoric acid
(HF, 48%) was digested. Then, boric acid (5.5%) was added to neutralize the HF. The mix-
ture was completed at 50 mL with Milli-Q water and was filtered at 0.45 um (hydrophilic
Teflon). The TE concentrations in digestates were analyzed either by inductive-coupled
plasma optical emission spectrometry (ICP-OES, Agilent 5100, Agilent Technologies Inc.,
5301 Stevens Creek Blvd Santa Clara, CA 95051, USA) or inductive-coupled plasma mass
spectrometry (ICP-MS, Agilent 7500) depending on the concentration of the sediment
sample concentration. One standard reference material was used for analytical quality
control (NIST SRM 2710, Montana soil, National Institute of Standards & Technology, 100
Bureau drive Gaithersburg, MD 20899, USA). For all of the digestion sets, recoveries were
between 0.80 and 0.93 for Cu, 0.95 and 0.98 for Pb, and 0.96 and 1.04 for Zn in the reference
sediment. For Cd, no recoveries could be calculated, as the results obtained from ICP-OES
analysis were below the limit of quantification (LoQ).

The extractable and total TE concentrations in the sediment were used to calculate the
% TE mobility, with % mobility = [TE] sediment extractable/[TE] sediment total * 100.

2.3. Plant Sampling and TE Analysis

At harvest, during the flowering stage, the base of the aerial part of the plants was cut
with a hand pruner. Per area, ten plants were randomly sampled simultaneously to the
sediments. After the harvest, all of the aerial biomass was weighed (portable hand scale) to
obtain the yield per area. The plant samples were transported to the laboratory for further
analyses. M. sylvestris shoots are composed of three parts (the flower, the stem, and the
leaf), which were manually separated and weighed for each plant sample to obtain the
fresh weight (FW). The separated plant parts were washed with tap and deionized water
and were dried until constant weight (40 °C). An additional weighing was performed
on the dry sample (DW, dry weight), and each sample was ground with a blender to
obtain a powder. Per plant, on each part (flower, stem, leaf), digestion (microwave digester
Mars Xpress CEM) was performed with 0.5 g of DW with 10 mL of HNO;3 (69%). The
solution that was obtained was completed with Milli-Q water until 50 mL was reached,
and the solution was filtered (0.45 um, hydrophilic Teflon). The TE concentrations in the
eluates were measured by ICP-OES (Agilent 5100) or ICP-MS (Agilent 7500). One standard
reference material was used for analytical quality control (Branches and leaves of Bush
“NCS DC 73349”, NCS Testing Technology, China, http:/ /www.ncsstandard.com, accessed
on 5 June 2018). For all of the digestion sets, recoveries of the reference material were
between 0.96 and 0.99 for Cu, 1.03 and 1.05 for Pb, and 1.03 for Zn in the branches and
leaves. The reference value for Cd was lower than the analytical LoQ. In 2020, to obtain the
control TE concentrations in M. sylvestris on uncontaminated soil, 1 m? of M. sylvestris was
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sown in a private garden (50°25'43.5"" N, 3°33/16.5"” E) near the experimental site, and three
shoots of mallow were harvested. Due to the low quantity of flowers that was obtained,
flowers from uncontaminated soil were pooled and considered as a single sample. This
additional experiment yielded three samples of mallow shoots and one flower sample of
uncontaminated origins. These samples were characterized following the same protocols
as those described for the contaminated samples. The TE concentration in the shoots was
calculated according to the equation:

[TE] shoots = ([TE] flower * DW of flower + [TE] stem * DW of stem +
[TE] leaf * DW of leaf)/(DW of flower + DW of stem + DW of leaf)

Using the TE concentrations in the shoots and the total and extractable concentrations
in the sediment, the bioconcentration factor (BCF) [40] was calculated as follows:

(1) BCEF ext = [TE] shoots/[TE] sediment extractable
(2) BCEF tot = [TE] shoots/[TE] sediment total

2.4. Dye Extraction and Dyeing Test

On the samples from each cultivation area, water extraction was performed with the
dry flower powder (5 g L™!) to obtain a solution containing the dye compound. This solu-
tion was heated for 60 min at 90 °C on a stirring plate with constant stirring. The solution
was filtered (grade 474 quantitative filter paper, particle retention 5-10 um, Biichner funnel)
to remove the flower powder. Additional dye extraction on flower powder from Area 2
was performed at 10 °C and at room temperature to assess the heating effect.

For the five dye extracts from the M. sylvestris flower (Area 1, Area 2, Area 3, 10 °C,
room temperature), dye tests were performed on two types of fabric pieces of plant and
animal origin (cotton and silk). On these fabrics, three pretreatment modalities were
tested (no pretreatment, and alum or iron pretreatment). The alum or iron pretreatment
of the fabric consisted of an addition of potassium alum (KAI(SO4),-12H,0) or iron(Il)
sulfate (FeSOy) in the beaker in a proportion of 20% and 1% of the weight of fabric (WOF),
respectively. Considering the amount of fabric, the pretreatment solutions were obtained
by adding water to a proportion of 3 L of water per 100 g of fabric. After alum or iron
dissolution, the fabric was added for 60 min at 90 °C on a stirring plate with occasional
stirring. Once finished, the treated fabric was rinsed with fresh water and air-dried. The
dyeing test consisted of adding 60 mL of dye extract from M. sylvestris flower and 0.6 g
of fabric (1:100 ratio) in a beaker. On a stirring plate, the mixture was heated at 90 °C for
60 min and was left to stir. The fabric was then rinsed with fresh water and was air-dried.

2.5. TE Analysis in Textile Fabrics and Dye Extract Solutions

TE concentrations were measured by ICP-OES and ICP-MS after the digestion of
the five dye extracts and the fabrics with HNO3 (69%) before and after pretreatment and
after dyeing with the five extracts. The fabric digestion method was similar to the plant
digestion method (cf 2.3). However, if the quantity of fabric available for digestion was
lower than 0.25 g, 5 mL of HNOj3 (69%) was used, and the solution was completed to 25 mL
with Milli-Q water to keep the same acid/water proportion. In the case of the dye extract
solution (5 g of dry flower L~1), 0.25 mL of the dye extract was digested with 10 mL of
HNOj3 (69%) and diluted to 50 mL with Milli-Q water.

2.6. Statistical Analysis

The software R 4.0.01 (6 June 2020) and R studio were used for the statistical analysis
of the values and the boxplots making. The data normality was verified with a Shappiro
test, and variance homogeneity was determined with the Bartlett test (parametric) or the
Fligner—Killeen test (non-parametric). To compare the means of the different parameters
(TE concentration in shoots, BCF ext, BCF tot) between areas, a one-way ANOVA test
was performed when the data respected normality and variance homogeneity; if not, a
Kruskal-Wallis test was applied. A two-way ANOVA was used when the means of the
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parameters (pH, TE extractable concentration, TE concentration in the three plant parts,
TE mobility in the soil) were compared (area and plant parts or area and time (sowing,
harvest)). In the case of statistical difference at a 5% risk or below, a post hoc test (Tukey
Honestly Significant Difference (HSD) test, Duncan test or pairwise f test) was used. The
study of correlations between variables (pH and TE extractable concentration; TE shoot
concentration and TE extractable concentration) was performed with a Pearson correlation test.

3. Results and Discussion
3.1. Initial Agronomic and Contamination Characteristics of the Site

The agronomic parameters and the total TE concentration in the sediment (Table 1) of the
three areas were already presented and discussed in earlier research [18]. The agronomic
parameters showed a fine sediment texture on the three areas, with a pH of around 8.
The organic matter and C/N were high due to the matrix origin, i.e., dredged sediment.
Concerning the characterization of the total TE concentration in the sediment, our results
were compared to the threshold values (S1, Table 1) defined in the French law (French
Environmental code, article R214-1, rubrique 3.2.1.0) [41]. For all of the areas, the Cd, Pb,
and Zn concentrations were 3—4 times, 7-10 times, and 20-30 times higher than the legal
threshold values, respectively. This proves the high degree of contamination of our site
and confirms the need for adapted management. Moreover, the TE contamination was
heterogeneous on the site, with the highest contamination in Area 3 and the lowest in
Area 2. In addition, the Cd, Cu, Pb, and Zn concentrations in the extractable solution were
superior to the values that are frequently retrieved in extractable solutions that are reported
in the standard ISO 19730:2008 (E) (Cd: 0.005 ug g~ '; Cu: 0.25 pug g~ !; Pb: 0.02 ug g~ %; Zn:
0.25 ug g~ 1) [39]. The sediment’s total and extractable TE concentration evidenced that Cd,
Cu, Pb, and Zn were the cause of the most concern due to their potential environmental risks.

Table 1. Main physico-chemical properties, total and NH4NOj3 extractable (between parenthesis) concentrations of TE in

the sediment of the field site for each area, and TE threshold values (S1) for sediment management. TE are expressed in mg

Kg_1 DW. With the exception of the sediment parameters (1 = 1), values are means + standard deviation (SD) (n = 5 for

total TE; n = 3 for NH4NOj extractable).
Parameters Areal Area 2 Area 3 S1*
Clay (%) 7.7 10.7 11.69 -
Silt (%) 69 70.5 78.52 -
Sand (%) 23.3 18.8 9.79 -
Sediment texture (USDA texture triangle) Fine silt Fine silt Fine silt -
Carbon (g kg™1) 76.3 82.4 96.8 -
Organic matter (g kgfl) 131.3 141.7 166.5 -
C/N** 28.4 28 315 -
CEC (meq 100 g~1) * 17.6 17.9 21.2 -
CaOgkg! 11.7 11.5 12.5 -
TKN (g kg™) +* 2.69 2.94 3.07 -
Phosphorus Olsen (g kg™) P,Os 0.216 0.259 0.258 -
pH-H,O 8.08 8.06 8.12 -
7n 6685 + 509 6084 £+ 132 8980 + 340 300
(3.86 £ 0.39) (5.66 £ 0.59) (7.32 £ 1.46)
(Efgaégﬁ) Pb ((JZ)754¢jE 01.?)2) (o.gzzfo.lozog) (01.833f0.1023) 100
(TE extractable concentration (mg kgfl)) cd 6.3 +£0.14 54 0.08 9+0.13 2
(0.03 £ 0.005) (0.04 £ 0.003) (0.05 £ 0.008)
Cu 87+23 76+15 101 +1.3 100
(0.41 £ 0.06) (0.52 £ 0.08) (0.48 £ 0.07)

*: [41], **: carbon/nitrogen, *: cationic exchange capacity, **: total Kjeldahl nitrogen.
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3.2. Growth of M. sylvestris on the 3 Metal-Contaminated Areas

In the three areas, all life stages of M. sylvestris were observed from seed germination
to the growth and emergence of flowers, without any visible toxicity symptoms. Our
results corroborate the results of cultivation experiments in TE-contaminated sites/pots
already reported in southern Europe [29-31].

Concerning the dry weight (Table 2), a statistically significant area effect was observed
(p < 0.05) with a better growth in Area 3. Delfine et al. [34] discussed that soil fertility,
notably the soil’s organic matter (OM) content, could increase M. sylvestris biomass produc-
tion. The best biomass production and yield observed in Area 3 could be due to the higher
cation exchange capacity and OM content of its soil (Table 1).

Table 2. Yield, percentage of flowers, and plant dry weight in the three areas. For the mean dry
weight, significant differences between areas are indicated by different letters at the levels of o« = 0.05.
Standard deviation (SD) is expressed between parenthesis for the dry weight and flower percent
(n =10).

Areal Area 2 Area 3
Mean dry weight (g plant™!) 81.8(£23.9)2  89.8(£232)2 1265 (+28.5)P
Yield (Kg 25 m~2 FW) 31.6 26.3 38.9
Yield extrapolated (ton ha~1 FW) 12.6 10.5 155
Yield extrapolated (ton ha—! DW) 2.3 2.2 29
Mean flower % by plant (FW) 10.3 (£2.6) 8.4 (+1.9) 8.4 (£1.6)
Flower Yield extrapolated (ton ha—1 FW) 1.3 0.9 1.3
Flower Yield extrapolated (ton ha~! DW) 0.241 0.145 0.226

FW: fresh weight, DW: dry weight.

To our knowledge, M. sylvestris is not a common crop, with only few studies and data
concerning the yield of this species being reported. In Italy, Delfine et al. [34] reported
minimum and maximum biomass yields of 0.98 and 4.73 t ha~! of DW, with most of the
yields ranging between 1-3 t ha~! of DW. The yields obtained in our study, between 2.2 and
29 tha—! can therefore be considered average. As the best yield was obtained in Area 3,
and our results confirmed the high tolerance of M sylvestris to a high TE contamination level.
Moreover, in this study, flower production was essential for assessing dye production on a
contaminated site. Therefore, specific data concerning flower production were gathered,
and a flower percentage per plant between 8% and 10% and a flower yield of 0.145-0.241 T
ha~! of DW were obtained (Table 2). To our best knowledge there are no data available in
the literature to compare our results to.

As M. sylvestris is usually cultivated for horticultural purposes (as ornamental crop),
and it requires an agricultural technical itinerary to be cultivated in a large area for phy-
tomanagement purposes. Based on this paper’s sowing design, The soil should be worked
mechanically (tillage and weeding) before sowing. The distance of 0.5 m between the
seedling lines and seeds seemed appropriate for this species’ growth; this could be achieved
by using agricultural machinery that allows sowing in a line and that respects the distance
between seedling lines. However, three factors could impede the cultivation of M. sylvestris
on an agricultural scale: (1) seed production should be adapted to the agricultural market;
(2) a mechanical harvester should be developed, which could be the most problematic
point, as the machine must cut the base of the plant and harvest it with care in order to not
to damage the flower part; (3) a process for the separation of the flower from the shoots
should also be developed; this could be done manually directly after the harvest, but this is
time-consuming (around 15 min per plant) and could limit the economic viability of the
dye. An alternative to manual separation should be investigated and tested. For example,
the aerial biomass could be dried in a chamber, and the separation of flowers could be
performed on the dry matter with airflow or by shaking the biomass. Flowers that had
fallen to the ground by gravity would just need to be picked up. This option could be
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energy-consuming but might facilitate the conservation of the harvested biomass for future
valorization.

3.3. M. sylvestris Effect on TE Extractable Fraction and Mobility in the Sediment

The pH of the sediment was measured to assess the potential impact of M. sylvestris
on its acidification by the root system [42]. pH variation has been reported as a factor that
could significantly impact the solubility and mobility of TE in sediment [43]. All of the pH
values measured varied between around 8 and 8.4 (Supplementary Materials Figure S1). In
our sediment conditions, the cultivation of M. sylvestris slightly increased the pH of the
area 3 (0.16 unit) at the harvest time (p < 0.05).

The TE (Zn, Cd, Pb, Cu) sediment concentrations retrieved in the extract solution
obtained by NH4NOj3 extraction are presented in Figure 2. These TE concentrations
represent the most soluble fraction in the sediment solution [39] and therefore have a higher
environmental risk because of their potential availability and leaching into the groundwater.
The four TE extractable concentrations were measured on all of the sediment sampled
at the beginning of the experiment (i.e., without the plant) and at the harvest. At both
sampling periods, the extractable concentrations exceeded the extractable concentration
frequently retrieved in soils [39]. Depending on the areas, the Zn and Cd boxplots (Figure 2)
showed similar spreading data at the start of the growing process and at harvest. The
spreading data were the highest in the area 3, especially at the time of harvest (Figure 2).
Concerning the Pb boxplots (Figure 2), on all areas although the concentrations that were
measured were low, deviations from the mean were high. For the Cu boxplots (Figure 2),
the spreading data increased at the time of harvest in area 2 and area 3 compared to at the
start.
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Figure 2. Sediment NH4NOj3 extractable concentration of Zn, Cd, Pb, and Cu in Area 1 (green), Area 2 (blue), and Area 3
(orange) at the start (n = 5) and at harvest (n = 10). The box plots indicate the median (black line), the 25 (lower bar), and the
75 (upper bar) percentiles; red cross = mean; the red line corresponds to the value references noticed in the ISO 19730:2008€.
Significant differences between conditions after Tukey HSD test are indicated by different letters at the level of & = 0.05.
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In the beginning, the extractable concentrations of Zn in Area 3 were above values
measured in Area 1 (p < 0.05, Figure 2), and this difference persisted at the end of the
experiment. A moderate pH correlation could partially explain this slight area effect
(p <0.05, r = —0.34), as a lower pH could increase the soluble Zn fraction. M. sylvestris
cultivation did not change the Zn extractable concentration and the low sediment mobility
(<0.1% of total Zn, Supplementary Materials Table S2). The extractable Cd concentrations
(Figure 2) presented a similar pattern to Zn. The highest extractable Cd concentrations
were measured in Area 3 at both sampling periods (p < 0.05), indicating an area effect.
The Cd extractable concentration correlation with the sediment pH could also explain
this observation (p < 0.05, r = —0.43). The cultivation of M. sylvestris also did not affect
the extractable fraction (p > 0.05) nor the mobility of Cd in the sediment (Supplementary
Materials Table S2). Cd has been shown to be less mobile in alkaline soil [43], such as in
the soil of our site. Nevertheless, compared to the three other TE, the Cd mobility could
be considered high (<0.69% of the total Cd, Supplementary Materials Table S2). Kabata-
Pendias [43] suggested that the increase of soil alkalinity could reduce Cd?* adsorption
due to the presence of other elements (Ca** and Mg?*) and by the increase of CAOH",
which could not easily interact with the cationic exchange capacity (CEC). It could be
assumed that the high Cd mobility was due to the presence of ionic Cd in the sediment.
Concerning Pb (Figure 2), the extractable concentration that was measured did not change
depending on the area and the period (p > 0.05). It should be noted that the percentage
of Pb mobility (Supplementary Materials Table S2) was already extremely low before
cultivation (<0.012% of the total Pb, Supplementary Materials Table S2). For Cu, a slight
plant effect was observed (p < 0.05), leading to an increase in the extractable concentration
in Area 3 at harvest. However, this effect was not present when Cu mobility was studied
(Supplementary Materials Table S2, p > 0.05).

M. sylvestris cultivation alone did not reach the phytostabilization objectives of TE
mobility reduction in our sediment conditions. In order to reduce the Cd mobility and
to enhance stabilization, combining an amendment with the cultivation of M. sylvestris
could be an option. As already discussed in our previous study on the same site [18], a
biochar amendment could reach this objective by interacting with Cd** and CAOH* to
form a stable complex without altering the pH. The study of a biological amendment such
as mycorrhiza fungi might also be an option.

3.4. TE Transfer in the Aerial Plant Parts of M. sylvestris

Cd, Cu, Pb, and Zn concentrations were evaluated in the three plant compartments
(flower, stem, and leaf) composing the shoots of M. sylvestris and are reported in Table 3.
This allowed the assessment of several biomass valorization options for these plant parts
by taking into account their TE concentrations (Section 3.5).

Table 3. Concentrations of Zn, Cd, Pb, and Cu (ug g*1 of DW) in the flower, stem, and leaf parts of plants (1 = 10) collected
from the three areas (mean + SD). For each TE and each area, the concentrations between the three parts were compared.
Significant differences are indicated by different letters (lowercase, uppercase), numbers (normal, italics) at the level of & =
0.05 (Tukey HSD test).

Cd Cu Pb Zn
Flower Stem Leaf Flower Stem Leaf Flower Stem Leaf Flower Stem Leaf

Area 0.94 1.08 215 14.81 8.68 13.18 9.54 1.52 5.67 186.04 188.35 465.33

1 (£021)A  (£022)A  (£041)B  (£4.64)7  (£161)°  (£2.85)7  (£545)1  (£113)2  (£433)12  (£4941)7  (£37.14)7  (£96.92)2
Area 0.93 1.08 2.07 11.65 7.73 11.11 9.88 1.28 7.02 175.03 175.32 453.79

2 (£02)A  (£025)4  (£047)P  (£0.87)2 (£156)°  (£2.72)*P  (£4.63)!  (£034)2  (£279)12  (£405)!  (£29.78)1  (£92.69)>
Area 0.95 1.1 2.18 12.79 8.05 12.05 11.28 1.36 7.3 201.85 227.09 567.72

3 (£0.16)A  (£028)A  (£045)B  (£1.15)7P (£4.23)P  (£338)*0 (£1079)! (£0.38)2  (£518)12 (£6676)1  (£5447)!  (£95.73)3

For Cd and Zn, the laboratory measurements showed equal concentrations in the
flowers and the stems (p > 0.05, Table 3). For these two TE, the concentrations measured
in the leaves were above those contained in the flowers and the stems (p < 0.05). These
differences could be explained by the role of the TE, essential versus not essential, and by
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the physiological role played by the plant parts. The leaf is the part where photosynthesis
takes place, whereas the flower is a reproductive organ that allows seed production. The
stem permits the transport of nutriments and TE to all plant parts. Zn is essential because it
is involved in several plant metabolisms and functions (e.g., photosynthesis, mitochondrial
function) and composes different plant proteins [43,44]. Nevertheless, at concentrations
ranging between 100 and 500 pg g ! DW, Zn could be toxic for most of the plants [43]. As
our Zn concentrations are in this range (Table 3), our results suggest the Zn tolerance of M.
sylvestris. In agreement with this hypothesis, the Zn concentrations in the flowers (Table 3)
are four times more than the ones measured in the flowers of the control plants (Table 4).
On the contrary, as Cd is both not essential and phytotoxic from 10 pg g~! DW [43,45], the
plant might protect itself by limiting its accumulation in the flower and by sequestering it
in the vacuoles as a main detoxification mechanism [43—45]. Although the Cd concentration
in the flowers of the control plants were two times lower (Table 4) than those measured in
the flowers from the contaminated areas (Table 3), our results support this hypothesis.

Table 4. TE concentration in the aerial part (shoots and flower, ug g~! DW) and bioconcentration
factor (BCF) of M. sylvestris L. cultivated in the three areas and TE concentration in the aerial part
and flower of M. sylvestris L. cultivated in the uncontaminated site (control). With the exception of
the M. sylvestris control flower (n = 1), the results are reported as means =+ standard deviations (SD)
(n =10 for shoots from the 3 areas and corresponding BCF; n = 3 for shoots of M. sylvestris control).
Significant differences between areas are indicated by different letters or numbers at the level of
a = 0.05 (lowercase for BCF tot; uppercase for BCF ext, number for shoots).

Cd Cu Pb In
(Shoots) 1.54 (0.27) 11.6 (2.06) 437 (2.9) 315.38 (72.98) !
Area 1 BCF 10t 0.246 (0.044) A 0.133 (0.024) A 0.006 (0.004) 0.047 (0.011)
BCF ext 50.62 (12.32) 2 22.49 (5.13) 70.47 (45.41) 66.31 (14.96)
(Shoots) 1.55 (0.35) 9.63 (1.52) 4.72 (1.72) 310.43 (61.08) !
Area 2 BCF 1ot 0.297 (0.068) B 0.126 (0.02) A 0.008 (0.003) 0.051 (0.01)
BCF ext 45.04 (13.2) 17.49 (4.28) P 78.53 (45.44) 53.91 (11.35)
(Shoots) 1.6 (0.27) 10.40 (2.94) 5.16 (3.43) 386.37 (56.51) 2
Area 3 BCF ot 0.181 (0.03) © 0.103 (0.029) B 0.005 (0.003) 0.043 (0.004)
BCF cxt 33.54 (8.78) b 16.74 (4.49) b 93.52 (69.51) 58.54 (17.56)
M. sylvestris (Shoots) 0.25 (0.07) 14.1 (3.3) 0.42 (0.09) 84 (29)
control (Flower) 0.44 7.8 0.22 47

BCF ext = [TE] shoots/[TE] sediment extractable, BCF tot = [TE] shoots/[TE] sediment total.

As for the Cd concentrations measured in the three parts, the calculated Cd shoots
concentrations of around 1.6 ug g~! of DW (Table 4, p > 0.05) were not affected by the
area, whereas based on the extractable Cd results, a difference could be expected (Figure 2).
However, the calculated average Zn shoot concentration of 386 ug g~ ! of DW was higher
in Area 3 (Table 4, p < 0.05) compared to in the two other areas, which showed values of
around 310 pg g~ ! of DW. Results also showed higher Zn concentrations in the leaves
of plants grown in Area 3 compared to those of plants grown in the two other areas
(Table 3, p < 0.05). An extractable Zn concentration correlation might partially explain this
cultivation area effect on the Zn shoot concentrations (p < 0.05, r = 0.47). The difference in
the shoot accumulation of Zn and Cd could be due to the fact that Zn is essential to the
plant, contrary to Cd [43].

While the Pb concentrations in the flowers were higher than those in the stems
(Table 3, p < 0.05), the Pb concentrations in the leaves were equal to those in the flower and
in the stems. The concentrations in the flowers were around 45 times higher than the one
measured in the flowers of the control, suggesting the tolerance of M. sylvestris to Pb, this
element being not essential. The concentration of Pb in the three plant parts and the shoots
(4452 pg g’1 of DW, Table 4) were not affected by the cultivation area (p > 0.05).

Concerning Cu, except for in the stems, the cultivation area did not change the
concentration measured in the flowers and leaves (Table 3) and shoots (9.6-11.6 ug g’1



Appl. Sci. 2021, 11, 10613

11 of 18

of DW, Table 4). Equal Cu concentrations were constantly measured in the leaves and
flowers (p > 0.05). As for Zn, Cu is an essential element. These concentrations correspond
to physiological concentrations for most of the plants [43].

For the four TE, the calculated BCF totals were strongly inferior to 1, with a maximum
of 0.297 for Cd and a minimum of 0.005 for Pb. These low BCF ty; suggested an excluder
phenotype of M. sylvestris and confirmed the interest of M. sylvestris in a phytostabilization
strategy on a highly TE-contaminated site. To our knowledge, no study has reported the
concentrations in different plant compartments of mallow as carried out in the present
study. The concentrations in the mallow flowers from the control (Table 4), which are
reported here for the first time, were the lowest compared to those measured in the malva
flowers collected on the contaminated site. Furthermore, the concentrations in the plant
shoots were compared to the expected concentrations in uncontaminated and contaminated
conditions. Turkish studies have reported TE concentrations in mallow obtained at a local
market (uncontaminated plant). For these four TE, the concentrations ranged between (g
g~ of DW) Cd: 0.07, Cu: 7-10, Pb: 0.69-3.5, and Zn: 25.9-49.4 [46-49]. Using XRF, Desideri
et al. [50] measured samples in Italy containing Cd, Cu, Pb, and Zn concentrations of 0.6,
16.7, 1.5 and 40.8 ug g~ ! of DW, respectively. Compared to the TE control concentration
measured in the shoots on uncontaminated soil (Table 4), only Zn was slightly above the
concentration reported in [46-50]. These different studies showed a slight variation of the
TE concentration in uncontaminated conditions. In our study on a TE-contaminated site,
only Cu showed concentrations that were similar to or below the ones reported in the
control (Table 4). For the other TE, the concentrations were 6, 12, and 4.5 times higher than
the values reported in the control plants for Cd, Pb and Zn, respectively (Table 4). The
TE concentrations reported in contaminated sites or in the artificially contaminated soil
varied considerably [30,49,51,52]. The Cd concentrations ranged between 0.24-3.5 ug g~!
and 33.5 ug g*1 when the soil was artificially contaminated [30,49,51,52]. For the Cu, Pb,
and Zn, the literature concentrations were of 4.3-20 ug g~ !, 8-9 ug g~ !, and 75-400 pug
g~ 1, respectively [30,49,51]. In our study, just the Zn concentrations values that were were
above or similar to the highest value retrieved in these other experiments in contaminated
conditions.

3.5. M. sylvestris Biomass Valorization Options

In this paper, the main non-food biomass valorization selected for M. sylvestris was
the production of a natural water-extracted dye from its flowers for textile applications
(Section 3.5.1). However, flowers only represent 10% of the total plant biomass (Table 2).
The remaining 90% of the biomass should also be valorized to create a sustainable biomass
processing chain either as a material or as an energy source, and these are further explored
in Section 3.5.2. Pharmaceutical applications were not considered to be relevant due to site
contamination.

3.5.1. The Textile Dyeing Valorization Chain

The pretreatment of textile with alum or iron is a current practice, as it improves the
dyeing of the textile, but that should be avoided if possible in order to reduce the use of
metals in the dyeing process. Therefore, three modalities were compared for the used
textiles: without pretreatment or with iron or alum pretreatment.

For all dye extracts (area 1, area 2, area 3, 10 °C and room temperature), the mixture
of flower powder and water initially had a purple color. As expected, the purple color
faded into a brownish color during the heating process and after several minutes without
heating. These brownish extracts were used for the dying test on cotton or silk fabrics
for the three pretreatment modalities (without pretreatment or iron or alum pretreatment,
Figure 3). The initial colors of the pretreated fabrics are reported in Figure 3. The untreated
and the alum-pretreated fabrics were white, while the iron-pretreated fabrics presented a
light orange color.
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Figure 3. Color of the pretreated fabrics before and after the dyeing with Malva sylvestris L. extract. The small fabric squares

are cotton, and the large fabric squares are silk.

For the three pretreatment modalities, the dyeing process with the M. sylvestris flower
extract was not impacted by the cultivation area, the heating time, or the extraction temper-
ature (Supplementary Materials Figure S2). The dyeing of the fabrics without pretreatment
was unsuccessful, and only a faint color was achieved (Figure 3, Supplementary Materials
Figure S2). The orange shade obtained on the iron-pretreated fabrics was mainly due to the
pretreatment itself, with the addition of the flower extract only slightly intensifying the
color (Figure 3, Supplementary Materials Figure S2). The best dyeing results were achieved
on the alum-pretreated silk fabrics, which had a bright yellow shade that could be due to
the flavonoid content reported in M. sylvestris flowers [25,53]. Such shade could also be
obtained from other plant species extracts, such as onions [53]. All of these observations
emphasize the importance of pretreating the fabric with alum prior to the dyeing test.
Moreover, our results suggest better dyeing on silk compared to cotton. This higher affinity
of silk with natural colorants has been previously reported [21,54].

The possible darkening of the yellow shade on the fabrics was investigated using a
ratio of 1:40 to increase the extract amount in relation to the textile. The dyeing color result
was similar to the 1:100 ratio (results not shown). We assumed that the reason why the
shade could not be darkened with the 1:100 ratio was because the dye contained in the
extract solution had already saturated the fabrics. This is in line with a previous study [54]
that attributed the color strength to the number of functional groups interacting with the
natural dye extract.

Using a dyeing ratio of 1:100, 0.6 g of silk could be dyed with an extract obtained with
0.3 g of dry flowers. Based on this dyeing capacity, we could assess the quantity of silk that
could be dyed with the flowers harvested per hectare. Through the use of the flower yield
extrapolation (Table 2), the number of flowers obtained per hectare was able to dye around
290-482 kg of silk.
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The TE concentrations throughout the textile dyeing process were studied to assess this
valorization option when using mallow issued from phytomanagement. TE concentrations
were measured in the dyeing extract solution and in the fabrics (cotton and silk) during
the three steps of the dyeing process: before pretreatment, after pretreatment, and after
dyeing. The TE concentrations measured in the five dye extract solutions (Table 5) were
significantly low when compared to the values retrieved in the flowers (Table 3) and were
in usual concentrations in the dye (Table 5) [55]. The TE concentrations in the natural dye
extract solution respected the threshold set by the Eco passport by OEKO-Tex (Table 5) [56];
therefore, it might be assumed that they are safe to be used in the textile sector. Indeed,
this European standard aims to reinforce processes and product safety at every stage of the
chemical value chain by certification. The Cu and Zn concentrations were higher compared
to Cd and Pb.

Table 5. TE concentration in the dye extract solution (ug L™! and pg g ! of dye extract solution; 1 = 1).

Dye Dye Dye Dye Dye Usual Pafscl())or "
Extract Extract Extract Extract Extl;act Co.ncentration Threshold
Areal Area 2 Area 3 RT * 10°C in Dye ** Value ***
cd ug L—i 0.96 0.87 0.88 1.08 0.66 - -
ug g~ 0.0001 0.0009 0.0009 0.001 0.0007 1 20
ug L1 105.3 69.8 74.7 45.1 47.3 - -
Cu ug g_l 0.105 0.07 0.075 0.045 0.047 33-110 250
ug L1 3.99 4.86 6.36 3.02 2.81 - -
Pb ug g_l 0.004 0.005 0.006 0.003 0.003 6-52 90
ug L1 1108 1960 1945 584 683
Zn ug gfl 1.1 1.96 1.95 0.58 0.68 3-32 1500

* RT: room temperature, reported ** in [55], *** Eco passport by OEKO-Tex [56].

The results on the raw fabrics showed lower TE concentrations in the cotton compared
to in the silk (Table 6). In general, the order of the TE concentrations was as follows: Zn > >
Cu > > Pb > Cd. The iron and alum pretreatment conducted before dyeing seemed to have
increased the Cu and Zn concentrations in the two fabrics, with the lowest concentrations
being found in cotton. After dyeing, the highest TE concentrations were measured in silk
fabrics, especially Zn and Cu. The highest Cu and Zn concentrations in dyed silks could
be related to a better affinity of the dye with this fabric, as observed by the stronger color
obtained in silk after dyeing with the mallow extract. Other studies [55,57] have shown
that the textile’s fabric origin and the dye used could change the TE concentrations that
were measured; our results were in accordance with these.

The TE concentrations in all fabric materials (Table 6), notably for Cd and Pb, were
significantly inferior to the total limit (ug g~ 1) or the sweat extractable (g g~ ') limit set
in the OEKO-Tex standard 100 (Cd: 40, Cu: 50, Pb: 90, Zn: 750; Supplementary Materials
Table S3) [58]. This indicates that, according to the OEKO-Tex label, the cotton and silk
fabrics dyed with natural dye of TE-contaminated origins in this study could be considered
as sanitary and safe for textiles that are in direct contact with the skin. The results of
the TE concentrations in the different steps of the dyeing process (dye extract and textile
fabrics) suggested that the dyeing valorization chain with natural dye could become a
phytomanagement option after a preliminary assessment of the TE concentration in the
dye and the textile fabrics. Nevertheless, to confirm this, a sweat extraction should be
performed, and the dyed fabrics should respect the threshold set for other chemicals by
OEKO-Tex standard 100 (Supplementary Materials Table S3) [58].

In order to further assess the use of Malva sylvestris flower extract as a textile dye,
additional investigations should be performed concerning the dyeing process, such as
testing alternative biomordants, dyeing other fabrics, modifying the chemical composition
of the dye extract, and testing the dyeing resistance to light, time, and washing [59].
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Table 6. TE concentration (ug g~ ') in the fabrics (cotton and silk) before and after dyeing according to the area and the

pretreatment modalities (n = 1).

Cd Cu Pb Zn

Cotton unpretreated 0.01 * 0.16 0.04 2.67

Silk unpretreated 0.01* 0.59 0.11 5.80

Before dyeing Cotton alum treated 0.01* 1.08 0.06 1.67
Silk alum treated 0.01 * 4.18 0.11 2.60

Cotton iron treated 0.01* 1.14 0.10 3.02

Silk iron treated 0.01* 8.72 0.19 8.71

Cotton untreated 0.01 * 1.67 0.20 10.28

Cotton alum treated 0.01* 2.35 0.10 6.17

After dyeing Cotton iron treated 0.01 * 1.90 0.19 19.98
Area 1 Silk untreated 0.07 10.57 0.19 24.75
Silk alum treated 0.06 9.74 0.31 29.27

Silk iron treated 0.10 12.79 0.69 50.10

Cotton untreated 0.03 0.21 0.45 6.44

Cotton alum treated 0.02 0.28 0.38 5.86

After dyeing Cotton iron treated 0.03 0.29 0.56 8.56
Area 2 Silk untreated 0.10 0.51 0.36 11.45
Silk alum treated 0.08 0.52 0.69 16.33

Silk iron treated 0.09 1.03 1.34 18.48

Cotton untreated 0.01 * 1.44 0.17 9.57

Cotton alum treated 0.01* 1.11 0.07 3.64

After dyeing Cotton iron treated 0.03 1.96 0.26 17.40
Area 3 Silk untreated 0.07 10.33 0.22 21.30
Silk alum treated 0.07 8.65 0.43 30.10

Silk iron treated 0.08 10.09 0.89 32.19

* Limit of Quantification (LoQ).

3.5.2. Other Emerging Biomass Valorization Options for M. sylvestris

In the scientific literature, many innovative biomass valorization options of M. sylvestris
have been discussed and might be integrated as a part of the dye production valorization
chain. The remaining TE concentrations in the shoots were below the threshold set by the
REGULATION (EU) 2019/1009 [60] (Cd 2 ug g~ !, Cu 300 ug g~ !, Pb 120 pg g, Zn 800
g g~ 1), permitting the compost of this biomass to be used as a soil improver.

As proposed in Section 3.1, M. sylvestris biomass could be dried to separate flowers
from leaves and stems. The remaining dried biomass of M. sylvestris could be used as an
alternative biomaterial for the production of activated carbon to remove metals such as
Cu?* and Hg2+ from water [32,33]. As this would aim to saturate the biomaterial with metal,
the initial metal concentration of this biomaterial might not be a problematic point as long
as it does not leach out in the applied conditions. To consider the feasibility of this option,
the removal capacity of multiple contaminants by biomass grown on TE-contaminated sites
needs to be further investigated. The production of an environmentally friendly adsorbent
for water remediation with M. sylvestris could be a complementary valorization option.

Based on the chemical composition of the remaining biomass, the extraction of high-
value compounds could also be a valorization option. This extraction can, for instance, be
performed by the hydrodistillation of the M. sylvestris shoots to obtain essential oils (EO),
as suggested in [34] or by water extraction [49]. EO or water extract have been reported as
having antibacterial properties [34,49]. Moreover, a wide variety of chemical properties,
such as a fungicide, were reported and are currently being investigated [26]. In the case of
EO produced from biomass from contaminated sites, the metal transfer in the end-products
was reported to be extremely low [10,17,19,61]. Concerning the water extract obtained with
biomass grown on a contaminated site, TE transfer (Cd, Pb, Cu and Zn) could be expected
but were reported to respect the recommended international limits [49]. The obtention of
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such products for the non-food sector could be a feasible option for M. sylvestris that has
been cultivated on TE-contaminated sites.

The remaining biomass of M. sylvestris obtained after water or steam extraction
(residues) should be used in an additional valorization step to increase the environmental
and economic sustainability of the whole chain. Perlein et al. [19] suggested the use of
biomass residues obtained after the distillation of aromatic and medicinal plants cultivated
on TE-contaminated soil as soil improver if the concentration threshold of REGULATION
(EU) 2019/1009 [60] was respected or in anaerobic digestion (AD) to produce biogas. If the
Cd concentration in the extraction residues of M. sylvestris respected this threshold, then the
residues could be used as soil improver. To valorize the extraction residues of M. sylvestris,
another suitable option could be the use of AD to produce energy, as suggested in other
studies and for other plant species [6,18,19,62-66]. Nonetheless, part of the M. sylvestris
residues is formed with stems that are lignocellulosic, a part that is not easily transformed
in biogas during AD. Extrusion pretreatment of the residues could alleviate this constraint
by increasing the biomethane potential (BMP) [67]. To confirm the AD valorization option
for mallow extraction residues, an AD test should be performed to assess the BMP and TE
impact and fate on the whole AD chain.

4. Conclusions and Perspectives

Our results showed that M. sylvestris had an excluder phenotype and could be culti-
vated on a heavily TE-contaminated site. The growth and development of mallow were
not impacted by the contamination, leading to yields that were similar to average yields ob-
tained in uncontaminated sites. However, M. sylvestris alone did not result in the decrease
of Cd mobility in our sediment conditions. Therefore, to achieve phytostabilization, the cul-
tivation of mallow should be aided by biological or/and mineral amendments. M. sylvestris
could enable several valorization options, with a focus on natural dye production. To our
knowledge, this was the first time that a dye extraction and dyeing test were conducted
with M. sylvestris flowers grown on a TE-contaminated site resulting in a yellow shade
on alum-pretreated silk fabric while respecting the OEKO-Tex standard 100 TE threshold
limit value. Our results concerning the TE concentration throughout the dyeing process
encourage the study of other tinctorial plants in the context of the phytomanagement of
TE-contaminated sites, as this valorization option seems feasible. The remaining mallow
biomass could be valorized as biomaterials such as an absorbent for water remediation
or as sources to produce high-value compounds combined with the valorization energy
of the residues through biogas production. Overall, the results of the dyeing assay with
M. sylvestris should be confirmed at pilot, scale and the dyeing quality should be assessed.
Moreover, an adapted technical itinerary that is based on agricultural practices should be
developed for phytomanagement in large areas.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app112210613/s1, Figure S1: Water pH in sediment on Area 1 (green), Area 2 (blue), and
Area 3 (orange) at the start (n = 5) and at harvest (n = 10) (the box plots indicate the median (black
line) and the 25 (lower bar) and 75 (upper bar) percentiles; red cross = mean). Significant differences
between conditions are indicated by different letters at the level of « = 0.05, Figure S2: Picture of
fabric dyed with Malva sylvestris L. extract depending on the area of cultivation, the temperature of
extraction, the fabric origins, and the pretreatment. The small fabric squares are cotton, and the large
fabric squares are silk. From left to right, the fabric was either not pretreated, pretreated with alum,
and pretreated with iron, Table S1: List of the agronomic analyses and methods performed by the
subcontracted laboratory, Table S2: Percentage of mobile trace elements (Cd, Cu, Pb, Zn) calculated as
extractable concentrations over total concentrations in sediment at the three areas, at the start (n = 5),
and at the harvest (1 = 10) (mean + SD). Significant differences between conditions are indicated by
different letters (normal or italic) or numbers (normal or italic) at the level of a = 0.05 (Tukey HSD
test), Table S3: OEKO-Tex TE concentration threshold limit value (extractable and total in pg gfl) in
textile directly in contact with skin.
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