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Abstract

This study proposes a circular economy model to manage plant residues derived from the
phytoremediation of soils contaminated with heavy metals (Pb, Zn and T1) by means of Lavandula
stoechas L. Under greenhouse conditions, its effectiveness for phytostabilization was confirmed, as it
retains most of the metals in its roots (65%) with bioconcentration factors less than one, confirming
the suitability of the species for phytostabilization.The research focuses on the transformation of this
waste into high value-added resources for various industries. In pharmaceutical and cosmetic
applications, as essential oil and hydrosol were obtained through distillation with a yield of more
than 0.4%. These products, rich in therapeutic terpenoids, are safe for public health as they are free
of metal contaminants. Or in the energy sector, since the post-distillation residual biomass, which
contains the metals retained in its tissues, was processed by pyrolysis to obtain biochar. This material
achieved an electrical conductivity of 35 S/cm, demonstrating great potential for fabricating
supercapacitor electrodes.In conclusion, this work validates the transition from hazardous waste to
valuable industrial by-products, laying the foundations for its future implementation on an industrial
scale under environmental safety criteria.

Keywords: circular economy; phytoremediation; L. stoechas; Metal(loid)s; distillation

1. Introduction

Mining activities are a powerful economic and social driver; however, they are also a significant
source of waste generation, sometimes hazardous and toxic, as is the case of extraction of metallic
minerals, where concentrations of up to 50 ppm can be found [1]. These wastes are the main source
of toxicity and environmental pollution of anthropogenic origin [2]. In the European Union, these
wastes account for more than 23% of the total waste generated [3].

Studies carried out in abandoned mining areas in the southwest of the Iberian Peninsula [4-7]
have highlighted the severe impact of soil contamination on ecosystem services. Although the
presence of heavy metals in the soil prevents may affect the colonization of certain plant species, there
are native plants could develop ecophysiological responses to tolerate the stress caused by such
pollution [8], assimilating heavy metals through their roots and accumulating them in their aerial or
root tissues. If these heavy metals enter the food chain [9], detrimental effects on human health and
ecosystems can occur [10].

Minimizing heavy metal contamination through phytoremediation techniques is very popular,
(environmentally friendly, easy-to-apply and low-cost technology) because it allows to address the
contamination of large land areas. Aromatic plants can play a crucial role, as they are inedible and
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do not facilitate the transfer of the heavy metals into the food chain, making them an excellent choice
for long-term phytoremediation [11].

One of the most abundant plant species in the Mediterranean biogeographical region is
Lavandula stoechas L. belonging to the Lamiaceae family and Lavandula genus [12]. This plant grows
as a perennial, aromatic, and branched shrub that can reach up to one meter in height, with violet
flowers arranged in spikes. It blooms in spring or early summer with dense and compact
inflorescences [13]. Its presence has been described in soils highly contaminated with lead (Pb), zinc
(Zn), and thallium (TI) as a result of mining activities or diffuse pollution from coal combustion in
thermal power plants [5]. This aromatic plant contains a large amount of essential oils and other
secondary metabolites that make it suitable for gastronomic, cosmetic, and/or medicinal use [14].

The non-volatile compounds present in the essential oil extracted from L. stoechas make these
species be considered as a source of phytochemicals with pharmacological interest with antioxidant,
antimicrobial, anticancer, etc. properties [14]. Several ethnobotanical studies have shown the popular
uses of some of these species for the treatment of digestion, headaches, heartburn, blood circulation,
as a sedative, antidermatitic, nasal decongestive bronchitis, and asthma [15,16].

With the aim of following the principles of the Circular Green Economy, a deep research has
been carried out focusing of on the use of the mining waste and plant biomass in the production of
glass [17], new building materials [18] wastewater treatment [19] backfill in infrastructures [20],
bioleaching as a means of mineral extraction [21] or in the encapsulation of toxic elements in cements,
preventing their dispersion in the environment and allowing their disposal in controlled landfills or
as construction materials after inerting [22]. Other authors state that both tailings and residual
biomass after phytoremediation and/or distillation contain metals with potential for economic
revaluation [23] and propose the conversion of this biomass into carbonaceous materials (biochar) by
pyrolysis [24,25] for the synthesis of supercapacitor electrodes.

Supercapacitors are electrochemical energy storage devices that stand out for their ability to
deliver a significant energy density without compromising high output power. The success of these
systems lies in the use of carbon materials for the manufacture of their electrodes, as they offer high
electrical conductivity, corrosion resistance, thermal stability and low production costs. In addition,
its high surface area is essential to maximize the accumulation of electrical charge [26]. However, it
has been proven that it is possible to further enhance its capacitance by incorporating multivalent
cations from transition metals, when generating reversible redox processes [27].

This paper addresses the integral use (zero residue) of the aromatic plant L. stoechas found in a
contaminated area around an abandoned Pb-Zn mine in the southwest of the Iberian Peninsula. After
phytoremediation, it was used as a raw material to obtain essential oil (by steam distillation) and
biochar (by pyrolysis). This is intended to integrate the principles of the ecological economy with the
sustainable management of natural resources, and all this with a clear practical applicability within
a sustainable business model with a positive environmental and economic impact. Both distillation
compounds (essential oil and hydrolate) and biochar could be used in multiple applications.

The proposed application in this study for biochar is its use in supercapacitor electrodes, since
there is some research suggesting that metal-contaminated plants after phytoremediation could
increase the capacitance (cumulative charge) of supercapacitors [18,28,29].

The investigation of this work is innovative, because obtaining an environmental liability (L.
stoechas plant contaminated after its use in phytoremediation) into an economic and social active
(essential oils with multiple applications). In this way, it is possible to integrate the principles of
ecological economics with the sustainable management of natural resources with clear practical
applicability within a sustainable business model with a positive environmental and economic
impact.

2. Materials and Methods

2.1. Phytoremediation Experiment

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.1.1. Experimental Design

To evaluate the physiological response of L. stoechas to heavy metal stress, a potted trial was
performed using a commercial substrate that was enriched with increasing concentrations of Pb (48,
60 and 1500 ppm), Zn (281, 351 and 700 ppm) and TI (1, 1.25 and 700 ppm). These levels were
categorized for each metal as minimum (A), medium (B), and maximum (C). The concentrations of
Pb and Zn corresponding to level A (48 and 281 ppm, respectively) were established based on the
safety thresholds defined by Spanish legislation (BOE-A-2005-895) that guarantee the safety of
human health and ecosystems.

In the absence of specific limits in the State legislation for the case of T1, the Canadian Guidelines
for Environmental Quality (CCME, 1964) were taken as a reference, which establishes the safety limit
value at 1ppm. In accordance with this standard, this concentration was established as minimum
level A.

The maximum concentration (C) levels were determined based on the findings reported in a
study conducted in an abandoned mining area [4,5], where concentrations of up to 1577 ppm of Pb,
716 ppm of Zn and 744 ppm of Tl were found, values that significantly exceed the maximum
permissible concentrations (CMP) of the reference regulations. On the other hand, the mean
concentrations (B) were established on a discretionary basis as intermediate values between levels A
and C.

To evaluate the growth, accumulation capacity and distribution of heavy metals, an experiment
was designed under greenhouse conditions using commercial seedlings of L. stoechas. The
experimental design consisted of a total of 128 pots (11 cm in diameter and 8 cm in height), distributed
in four blocks of 32 pots each. The control block was compared with the other 3, with three levels of
treatment (A, B and C) with increasing concentrations of Pb, Zn and T1. Pb and Zn were incorporated
as nitrates (PbN20s, ZnN20s-6H20), and Tl as sulphate (T1:SO4). To ensure the homogeneity of the
test, L. stoechas seedlings with uniform morphological characteristics (25 cm height and 5 roots) were
used, grown in pots with a standard substrate load (750 g).

A universal substrate (COMPO SANA,® Germany) was used, where treatments A, B and C were
integrated directly into the substrate. According to the data provided by the manufacturer, the
chemical characteristics of the substrate used were as follows: slightly acidic pH (5-6.5 in CaCl),
nitrogen content as N (200-450 ppm), phosphorus content as P03 (200-500 ppm) and potassium
content as K20 (300-550 ppm). The analysis of the substrate revealed very low levels of the heavy
metals (loids) studied: Pb (0.01 ppm), Zn (1.60 ppm) and T1 (0.04 ppm).

For environmental control in greenhouses, the temperature was set at 22 °C and the relative
humidity at 78%. The irrigation regime was established at three times a week or when the humidity
of the substrate fell below 10%. This protocol was designed to simulate the historical rainfall (last 10
years) of the study area (Table 1). Irrigation was carried out with mains water early in the morning,
proceeding to the collection of leachates at the end of the day.

Over a period of two months, biometric growth (length and biomass) of both the aerial and root
systems was monitored weekly. Simultaneously, environmental variables and the total concentration
of Pb, Zn and TI in the substrate, leachate and plant tissues were recorded. Physiological parameters
(chlorophyll content, photosynthetic rate, and transpiration) were measured every 12 hours; for this,
a CCM-200 meter was used for chlorophyll and an LCi-BioScientific portable system for gas
exchange.

All experiments were replicated 3 times picking 5 plants from each pot.

Table 1. Average monthly rainfall in the study area over the last 10 years [5].

Month Ja Feb March Apr May Jun Jul Aug Sep Oct Nov Dec
mL 187 224 268 268 121 41 13 11 121 227 293 211

2.2. Measurement of Metal Content
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The metal content (in substrate, plant, and leachate) was determined using ICP-MS with an
Agilent Tech model 7900 instrument, after acid digestion (HNOs and HCI). A sample-to-extractant
ratio of 1:10 was used [30].

2.3. Steam Distillation Experiment

The extraction yield for L. stoechas is very low [31], requiring at least 0.5 kg of plant material, but
the biomass collected in the pots was not enough. For this reason, 3 kg of L. stoechas were collected
near the tailings of an abandoned Pb-Zn mine located in the southwest of the Iberian Peninsula,
which had been studied in previous works [5]. Once in the laboratory, the thicker stems were
removed, and the leaves and flowers were reserved, washed with distilled water, and were left to air
dry to remove excess moisture before proceeding with the essential oil extraction.

The distillation was carried out in a 12-liter capacity ALBRIGI In Hebra equipment, and each
extraction was repeated 3 times. The extraction process was maintained for 60 minutes. The essential
oil separation was carried out in a decanting funnel, and the oil was collected using a capillary pipette.
The essential oils were immediately stored in 3 mL amber glass containers and refrigerated at 5°C.
The distilled plants were dried at 60°C and ground for subsequent chemical analysis by ICP-MS,
following the protocol described earlier.

The hydrolat (or floral water) obtained from the distillation was collected and analysed by ICP-
MS to ensure the absence of heavy metals in its composition. The volatile components of the essential
oils were determined by gas chromatography coupled to mass spectrometry (GC-MS) using an
EVOQ-GCTQ PREM EO&CI system, with 0.5 pL injected.

The effectiveness of the distillation process was evaluated by calculating the yield (the ratio
between the mass of the generated product and the plant used) for each experiment [32] using
equation (1).

Yield (%) = (M1 / Mz2) x 100 (1)

Where M: is the final mass of essential oil expressed in grams (g) and M: is the initial mass of
plant material expressed in grams (g).

2.4. Statistical Analysis

All statistical analyses and graph generation were performed using IBM SPSS Statistics v.31
software. To verify the normality and homogeneity of the variables at the beginning and end of the
trial, the Levene test was applied. The results indicated that no variable followed a normal
distribution (Table S1, Supplementary Material). Consequently, box plots were used to visualize the
dispersion of the data, facilitate comparison between groups and identify possible outliers (Figure
S1-S2, Material Supplementary). Due to the nature of the results, Kruskal-Wallis tests were used to
identify significant differences in the variables between the start and end of the experiment.
Subsequently, Dunnett’s post hoc T3 test was applied to determine which parameters, under the
different concentrations of heavy metals, differed significantly from the control group (Tables S2-56,
Supplementary Material).

2.5. Biochar Synthesis

The distilled biomass was subjected to drying and milling processes prior to pyrolysis. It is
important to know the pyrolysis temperature to complete conversion of the distilled biomass into
stable carbonaceous material, since incomplete carbonization would be inefficient for its application
in supercapacitors, since the remaining organic matter would reduce the performance of the electrode
and present low chemical stability, easily degrading in basic electrolytic media an DTA-TG analysis
was previously performed in a nitrogen atmosphere (100mL/min). Since no weight loss was observed
after 600 °C, pyrolysis was carried out at this temperature (600 °C), in a tube furnace (nitrogen
atmosphere, 4 hours of dwell time, gas flow of 100 mL/min). The resulting biochar was structurally
and texturally characterized to verify its thermal stability and porosity. DTA-TG (TA instruments
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analyser, model Q600), Infrared spectroscopy (Perkin Elmer BXII spectrophotometer) and Raman
spectroscopy (Renishaw inVia spectrophotometer) and nitrogen adsorption (Micromeritics Tristar
3000) were used. Finally, the carbon and nitrogen content was determined by elemental analysis
(LECO C5200, LECO TC500).

3. Results and Discussion

3.1. Morphometry

The degree of plant damage when exposed to various concentrations of heavy metal(loid)s (Pb,
Zn, and T1) was studied through the evolution of greenhouse plants during the 8 weeks of the
experiment. Figure 1 shows data on plant length (root and aerial parts), weight, and some
physiological parameters such as chlorophyll content, photosynthetic activity, and transpiration rate.
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Figure 1. Evolution of the morphological characteristics studied in L. stoechas in the presence of metal(loid)s.

It is observed that the presence of metal(loid)s inhibits the metabolism of the seedlings, thus
affecting their growth, both in terms of the root size (Figure 1la) and the aerial part (Figure 1b).
Nevertheless, L. stoechas grows and develops under all the experimental conditions, even when the
concentrations of metal(loid)s are very high (maximum concentration C), demonstrating its
adaptability to certain levels of contamination. Photosynthetic activity (Figure le) and transpiration
rate (Figure 1f) decrease significantly, which also affects biomass accumulation and leaf firmness.
However, no clear loss of vitality or wilting was observed in any of the pots during the experiment.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Similar behaviours have been described by various authors [33,34] who observed changes in the
physiology of rice seedlings subjected to Pb and Cd stress. However, others [35], when analysing
Dittrichia viscosa leaves cultivated in an antimony-rich substrate, found no significant oxidative
damage or differences in photosynthetic parameters, which they attributed to the plant’s adaptation
to antimony stress.

Statistical analysis of the results provided information on the truly significant changes (p<0.01)
in the growth and physiology of L. stoechas. Table S7 Supplementary Material presents the
significantly relevant characteristics. As expected, the most significant changes in the morphological
characteristics of the plant take place with the maximum concentrations of pollutant metal(loid)
added (C treatment), especially in weight, photosynthetic activity and transpiration rate. Due to that
the concentrations of added metal(loid)s in treatments A and B are close (48-60 ppm for Pb; 281-351
ppm for Zn and 1-1.25 ppm for TI), in these treatments no very significant differences are observed.
On the other hand, the morphology of this plant is clearly affected even with small concentrations of
metal(loid)s, much lower than those found in the reference area of this study [5].

Post hoc tests (Tables S2-S6, Supplementary Material) confirmed the initial observations,
indicating that there were no significant differences in root and aerial parts length between treatments
B and C, so the plant is able to tolerate a minimum concentration of metal(oid)s for which the
morphology of the plant is not affected. Regarding plant weight, post hoc tests does not show
significant differences between all treatments. The differences between the initial and final weights
are very high, indicating that the plant is affected significantly with the concentration of metal(loid)s.

With respect to physiological parameters—chlorophyll content, photosynthetic activity, and
transpiration rate—no significant differences were detected among the different treatments, although
differences were found between each treatment and the control. A more specific study on the effects
of high levels of heavy metal contamination would be of great interest to further clarify these findings.

On the other hand, related to the accumulation of the contaminants in the roots, aerial parts,
retained soil and leachates showed significant differences between the control pots and those pots
subjected to treatments as expected. In particular, no significant differences were found between
treatments A and B for the heavy metals analysed in the aerial parts. A similar pattern was observed
in the leachates, where no significant differences were found between A and B in the case of Zn and
Pb. This same trend was also observed in the heavy metal(loid)s content present in the soil.

3.2. Study of Heavy Metal(loid)s Content

In Table 2, the concentrations (%) extracted by the plant at each of the dosages are shown. It is
observed that the metal(loid)s remains retained in the soil, especially Zn, and that regardless of the
metal(loid) considered, all of them accumulate preferentially in the root, which is associated with the
mechanism of heavy metal uptake. Pb is typically absorbed through non-metabolic or passive
processes, while Zn is actively absorbed through a metabolic process [36]. However, L. stoechas
demonstrates great phytoremediation potential for this metal(loid)s, especially for Pb and TI,
extracting more than 30% of the initial content added to the pots.

The contents of Pb, Zn, and TI found in the leachates at the end of the experiment indicate the
existence of mobile forms, despite the low acidity of the soil. Thallium and zinc are the predominant
elements in these leachates, with Tl being more favourable, indicating greater solubility of these
elements. Although the washing conditions in the experiments were intense, the decreasing
concentrations found for Zn and Pb suggest difficulties in the availability and transport of these
metals to areas farther from the contamination source, minimizing the potential environmental
impact.

Table 2. Pb, Zn and Tl contents (%) in soil, vegetation and leachate after the study. Treatment A: minimum metal

concentration; Treatment B: average metal concentration; Treatment C: maximum metal concentration.

Initial soil dosage Final soil Root Aerial Leachate

Metal (ppm) (%) %) (%) (%)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Pb 0.01 100 0 0 0
Control Zn 1.60 25.62 28.12 38.12 8.12
Tl 0.04 25 0 75 0.00
Pb 48.18 68.34 26.38 4.98 0.29
A Zn 281.34 76.80 13.72 8.80 0.67
Tl 1 70 14 16 0
Pb 60.26 67.59 28.11 4.14 0.15
B Zn 352.79 79 14.45 0.06 0.57
T1 1.25 65.60 21.60 12.00 0.80
Pb 1500.43 68.13 16.89 14.88 0.11
C Zn 706.61 85.92 9.75 3.86 0.46
T1 700.62 70.37 17.61 11.05 0.97

The retention of Pb, Zn, and Tl in the soil was significant (p<0.01) for all treatments (A, B, and
Q).

The bioconcentration factor (BAF), calculated as the ratio between the metal(loid) concentration
in the plant (root and aerial parts) and its total concentration in the soil, is shown in Table 4. The total
amount of each metal was considered as the sum of the metal content in the soil plus the content in
the leachate. In all treatments, values less than one were obtained, indicating that L. stoechas behaves
as an excluder species, with a low capacity to accumulate Pb, Zn, and/or T1 in its tissues. Similar
behaviour of this plant has been reported by other authors for metals such as Pb and Hg [36,37] or
for Zn [38].

The translocation factor (TF), calculated as the ratio between metal concentrations in the aerial
part and in the root (Table 3), is less than 1 in all cases, indicating that L. stoechas does not transport
metals to the aerial part, behaving as a non-accumulator species. Similar results were obtained with
L. pedunculata for Pb and Zn in the southwest of the Iberian Peninsula [37]. However, L. vera was
found to accumulate metals in the aerial part [39] for Pb and to a lesser extent for Zn, which is
attributed to the fact that plants grown in pots are more exposed to the heavy metal than those grown
in the field, due to their more developed root system.

Given its phytostabilizing potential, L. stoechas it is considered suitable for immobilizing
contaminants in the soil, particularly Pb, Zn, and T], thus preventing the spread of contamination to
surrounding areas. In areas contaminated by metal(loid)s, agricultural or livestock activities cannot
be carried out, to avoid the potential risk of food produced containing soil contamination (even at
trace levels). Therefore, this study proposes the utilization of this plant, so that after its use in
phytoremediation, an added value could be obtained from the distillation byproducts, as it is an
aromatic plant from which essential oils could be extracted.

Table 3. Bioconcentration and translocation factor. Treatment A: minimum metal concentration; Treatment B:

average metal concentration; Treatment C: maximum metal concentration.

Final soil Root Aerial
Metal BAF FT
(ppm)
Pb 0.38+0.08 0.19+0.06 32.93+4.25 12.71+1.25 2.40+0.32
A Zn 0.18+0.02 0.64+0.10 216.08+25.30 38.60+4.12 24.76x4.17
Tl 0.20+0.03 0.94+0.20 0.7+0.06 0.14+0.01 0.16+0.01
Pb 0.42+0.12 0.15+0.05 40.73+15.23 16.94+1.23 2.5+0.02
B Zn 0.18+0.06 0.41+0.15 278.72+29.28 51.01+8.84 21.04+1.96
Tl 0.33+0.08 0.55+0.15 0.82+0.06 0.27+0.01 0.15+0.01
Pb 0.25+0.02 0.88+0.20 1022.21+133.87 253.4+33.66 223.22+18.84
C Zn 0.11+0.01 0.39+0.10 607.14+45.23 68.93+9.47 27.26+3.42
Tl 0.25+0.02 0.63+0.17 493.01+39.39 123.41+9.87 77.4249.63
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3.3. Essential Oil Extraction

Data on the performance of the extraction process, calculated using equation [1], are shown in
Table 4, together with data on the distilled plant biomass and the amount of essential oil obtained in
each extraction. The density of the oil, calculated by pycnometer, was 0.93 g mL-1. Although the yields
obtained may seem low compared to those of other Lavandula ssp. [31], are expected at the laboratory
scale for L. stoechas [40].

Table 4. Yield data of the extraction process.

Extraction Biomass (g) Essential oil (mL) Yield (%)
1 589.88 3.00 0.47
2 434.75 1.96 0.42
3 489.98 2.00 0.38

The quality of the essential oil obtained was reflected in its sensory profile, showing great
transparency as well as an intensely floral, slightly herbaceous, and quite refreshing aroma. These
properties are highly appreciated in aromatherapy applications, as they provide sedative and
anxiolytic effects [41].

Through gas chromatography, more than 40 components were identified in the essential oil of
L. stoechas, with around 20 of them presenting relative concentrations greater than 1%. Figure 2 shows
one of the chromatograms obtained. The predominant components include monoterpenes (a-pinene,
limonene, camphene), some sesquiterpenes (cubenol), ketones (camphor, fenchone), alcohols
(linalool, borneol, cubenol), esters (linalyl acetate, bornyl acetate), and oxides (1,8-cineole or
eucalyptol). All these terpenes have demonstrated therapeutic effects due to their analgesic, anti-
inflammatory, or anxiolytic functions [42]. They combat depression and anxiety, can be considered
anticancer agents [43], and fight fungal and bacterial infections [44]. This therapeutic effect may be
due to the synergy of all these components or the action of one of them in particular. For example,
sedative action is attributed to linalool and linalyl acetate, and antimicrobial action to linalool, 1,8-
cineole, camphor, terpineol, and a-pinene [45].

The low proportion of linalool and linalyl acetate in this oil reduces the potential toxicity that
high percentages of these compounds confer to the oil, according to literature where studies on the
genotoxicity evaluation of lavender essential oils in humans have been conducted [46].
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Figure 2. Chromatogram of L. stoechas essential oil.

Table 5 presents the Pb and Zn contents in the distillation products (essential oil, hydrolat,
distilled biomass, distillation wastewater). Also included in this table is the initial metal concentration
in the soil and plant before extraction.

Table 5. Pb and Zn concentration in the soil and plant from the mine, and in the distillation by-products

(hydrolat, distilled biomass, distillation wastewater).

Pb (ppm) Zn (ppm) T1 (ppm)
Essential oil n.d. n.d. n.d.
Hydrolat n.d. n.d. n.d.

Biomass after distillation 173+14 307+11 195+15
Residual water after 0.02+0.01 0.96 +0.04 0.04+0.02
distillation
Mine soil 254.6+183.6 367.4+212.4 314.9+95.4
L. stoechas mine (leaves and 185.392.8 339.8+141.7 216.0+85.1
flower)

As the metals are not transferred to either the essential oil or the hydrolat (Table 6), both could
be uses in the said applications (cosmetics, pharmaceuticals, emotional wellness, etc.). The hydrolat
(floral water) is a highly valued product in cosmetic applications, as it has a mild lavender aroma and
can be used in the production of soaps, facial toners, or creams, even when derived from plants with
high levels of heavy metals, as is the case in this study.

Although studies on the extraction of essential oil from L. stoechas phytoremediation residues
are scarce, various authors have observed the absence of heavy metals in the essential oil of mint and
basil grown in contaminated soils [47] or in lemongrass [48]. Angelova et al. [39] reported that in soils
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contaminated with Pb and Zn in Bulgaria, the essential oil of L. vera showed no traces of these
metal(loid)s. Similar results to those obtained in this study were found in a study by Sierra et al. [36]
for L. stoechas plants grown in Hg-contaminated soils in the Iberian Peninsula.

3.4. Biochar Characterization

Figure 3 shows the DTA-TG for the distilled plant. The endothermic peak centered above 80°C
leads to a weight loss of 7%, and is attributed to the dehydration of the sample. Afterwards, four
stages of weight loss are observed located at 270, 360, 430, and 600°C, corresponding to the thermal
decomposition and carbonization of the components of the plant matter; hemicellulose (170-280°C,
23.54%), cellulose (280-380°C, 29.56%) and lignin (> 380°C, 18.6%) [49].

0.5
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100 - e~ = Deriv. Weight (%°C)| |- 10
6.99%
0.4
23.54% o

80

-0.3
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Figure 3. DTA-TG registration of distilled biomass in an inert atmosphere (Nz2).

3.4.1. Textural Characterization of Biochar (N2 Adsorption)

The textural characterization of the biochar was carried out by nitrogen physisorption at 77 K.
Prior to the analysis, the sample was subjected to a degassing process at 150 °C under nitrogen flux
for 18 hours to eliminate species adsorbed or occluded in the pores (CO: and water vapor). The
resulting adsorption-desorption isotherm (Figure 4) is classified as type IV with a hysteresis cycle,
which is characteristic of mesoporous solids according to IUPAC [50]. The hysteresis cycle observed
in the relative pressure range P/P0 from 0.4 to 0.8 confirms the presence of mesopores, while the
notable increase in the volume adsorbed of nitrogen at low pressures (P/P0< 0.01) probably indicates
the coexistence of a network of micropores.
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Figure 4. Adsorption-desorption isotherm and pore diameter of the biochar.

The BET model was used for obtaining the specific surface area (SSA), using the Brunauer-
Emmett-Teller equation (BET)[51], applied in the relative pressure range (0.05 < P/P0 < 0.3) where the
model presents higher linearity. The biochar presented a SSA of 393.7 m?/g.

The pore size distribution of biochar was determined from the desorption curve of the isotherm
using the BJH method [52] as it is shown in Figure 4 inside. This material presents a trimodal porosity
profile, with maximum peaks centered at 3.1, 3.6 and 4.5 nm in diameter. The marked increase of the
curve in the region of lower diameters suggests the presence of micropores, while the stabilization of
the curve towards larger diameters confirms the absence of significant macroporosity.

By mathematical integration of the pore distribution curve (Figure 4), the contribution of the
mesopores to the total SSA is 158.8 m?/g. Since the total SSA is defined as the sum of the meso and
micropore contributions (SSAser = SSAmicropores + SSAmesopores), the surface area associated with the
micropores was calculated by difference, resulting in a value of 234.9 m?/g. Then, the ratio of
micropores to mesopores is approximately 60/40, indicating that biochar has a predominantly
microporous nature.

3.4.2. Thermal Characterization (Atd-Tg)

The final biochar was also characterized by DTA-TG in air atmosphere to evaluate its thermal
stability and quantify the carbon content after pyrolysis as shown in Figure 5. The DTA curve
presents four stages of mass loss. The first stage (20-200 °C, 4.5%) corresponds to the desorption of
adsorbed hygroscopic water. The main event occurs between 200-580 °C, with a 75% loss attributable
to carbon combustion. This process is divided into two stages: the oxidation of carbon derived from
hemicellulose and cellulose (54.99%) and, subsequently, that of carbon from lignin (20%). These
results are consistent with the characterization of the raw material (Figure 3), which reported a
hemicellulose and cellulose content close to 50%. Finally, the peak at 640 °C is associated with the
combustion of carbon fractions with a higher degree of crystallinity, confirming that the thermal
stability of biochar is intrinsically linked to the organic structure of the plant precursor.
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Figure 5. DTA-TG Registration of Biochar Sample in Air Atmosphere.

3.4.3. Structural Characterization
3.4.3.1. Infrared Spectroscopy

In order to understand the difference between carbon and the obtained biochar, Figure 6 shows
the FT-IR (ATR) spectra of both materials. While pure carbon does not show any signals, the presence
of vibrational bands in the region of 1500-600 cm™! in the biochar evidences the existence of the other
components than elemental carbon. These results confirm the presence of inorganic matter after the
pyrolysis process, consistent with the DTA-TG analyses reported by Li & Chen [53].

BIOCHAR

Transmittance (a.u.)

CARBON

T T T T T T
2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm™)

Figure 6. IR spectrum of the biochar obtained.
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To quantify the total carbon of the biochar a combustion process was performed at 1000 °C for 4
hours. This process transforms carbon into CO: and isolates the inorganic fraction (ash). The analysis
of these ashes by IR spectroscopy (Figure 7) revealed characteristic bands of silicon (1094 and 1017
cm), calcium (885 cm™) and manganese (932 cm) oxides, results that are consistent with the XRF
and XRD analysis shown in Table 6.

Transmittance (%)

612 /

6s- AN

932 885

60 T T T T T T
2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm™)

Figure 7. Infrared spectrum of biochar burned at 1000°C.

Table 6. Chemical composition of the residue of the burned biochar.

ALOs SiO:2 Fe20s CaO K:0 ZnO SrO NaO P05 MgO TiO: Pb0s MnO SO:s
LMA% 65 258 230 311 103 030 033 241 564 102 036 0,003 031 4.26

3.4.3.2. Raman Spectroscopy

The Raman spectrum of biochar (Figure 8) presents the distinctive bands of carbonaceous
materials. The D band at 1340 cm™ is identified, caused by disorder in the graphitic structures, and
the G band at 1590 cm™, associated with the energy of the sp? bonds and the presence of ordered
graphitic domains [54].
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Figure 8. Gaussian deconvolution of the Raman spectrum of biochar.

After the deconvolution of the experimental spectrum, an additional band (D’) is identified at
about 1500 cm™. Although its intensity is moderate, this signal confirms the coexistence of amorphous
carbon in the sample (1490 cm™).

3.4.3.3. Chemical Characterization (Elemental)

The biochar obtained by pyrolysis of lavender biomass (stems, leaves and flowers) presents a
predominantly carbonaceous composition with a majority carbon content (68.2%). The remaining
mass balance (13.4% oxygen and an elemental total of 83.12%) suggests that, together with the organic
structural polymers (cellulose, hemicellulose and lignin), inorganic components coexist in the form
of metal oxides (Si, Ca, Mn, Tij, etc.). These values are (68% C, 0% S, 1,52% N and 13,4% O).

3.5. Application of Biochar in Electrodes

The performance of energy storage systems is conditioned by the properties of their electrodes
[55]. However, the disordered structure often exhibited by conventional carbon materials limits
electrical conductivity, and rarely combines high conductivity with high porosity [56].

Although elemental analysis shows a limited purity (68.2%) and moderate specific surface area
(393.7 m?/g) compared to activated or graphene-doped carbons [57], the material obtained by
pyrolysis of the distilled plant has an acceptable porous structure due to its mesopores and micropore
content. It should be noted that, according to [58], an increase in the specific surface area does not
guarantee a greater storage capacity, since the size and distribution of the pores play a more decisive
role.

To overcome the limitation of low charge density in supercapacitors, it is common to incorporate
polyvalent metal oxides that facilitate faradaic redox reactions, which are the ones that determine the
accumulation of electric charge [59]. In our study, biochar already possesses these properties
intrinsically since the plant naturally bioaccumulated polyvalent metals (Pb, Zn, Ti, Cu and Fe) in its
tissues as confirmed by the ICP-MS analysis. These elements not only promote charge accumulation
but are probably responsible for the material’s remarkable electrical conductivity (35 S/cm). This
result supports the need to study the analysis of the electrochemical performance (capacitance) of the
obtained biochar, as well as to investigate other methods to optimize its porosity and specific surface.

4. Conclusions

Lavandula stoechas L. stands out for its ability to grow in contaminated soils, which makes it a
plant with phytoremediating potential. This species tends to accumulate heavy metals mainly in its
roots, making it difficult to move them to aerial parts, which limits the transfer of these pollutants to
the food chain. However, changes in soil pH can increase the mobility of metals and facilitate their
release into the environment, with the consequent risk of dissemination to terrestrial or aquatic
ecosystems. It is therefore crucial to remove plants after the decontamination phase, as they become
hazardous waste due to their metal content.

This study proposes a sustainable alternative for the comprehensive management of L. stoechas
waste contaminated with heavy metals, while promoting its revaluation in the form of by-products
with therapeutic and cosmetic and electric applications, without representing any risk to human
health.

The valorization of this aromatic plant through the extraction of essential oils, safe for use in
medicine and cosmetics, offers an effective way to prevent the release of metals into the environment.
Thus, it contributes not only to the ecological recovery of areas affected by mining activities, but also
to the promotion of circular economy and more sustainable management of plant waste.
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After optimizing this process, the safety of the products was confirmed, since contaminants are
not transferred to the essential oil or hydrolate. This guarantee of safety for human health made it
possible to move towards practical application, the production of soaps.

In addition, since heavy metals remain immobilized in plant waste after distillation, these could
be used in the production of biochar with stabilizing properties, aligning with the “zero waste”
objective, fundamental in the framework of the circular economy.

The characterization of the vegetal biomass material, composed mainly of cellulose,
hemicellulose and lignin, presented mainly an amorphous structure with low thermal stability, which
reaches complete carbonization at 600 °C. Although biochar has a moderate specific surface area
(393.7 m?g), its structural properties make a suitable candidate to modify its surface. These
treatments would optimize the porosity expanding its possibilities of technological use.
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