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Abstract

:

Featured Application


Under Luminescent Solar Concentrators (LSC), plants used in a phytoremediation feasibility test appear to grow better than plants grown in conventional greenhouse. This result and the energy savings characteristics of LSC highlight the prospective of LSC to further contribute in developing green remediation strategies.




Abstract


The latest developments in photovoltaic studies focus on the best use of the solar spectrum through Luminescent Solar Concentrators (LSC). Due to their structural characteristics, LSC panels allow considerable energy savings. This significant saving can also be of great interest in the remediation of contaminated sites, which nowadays requires green interventions characterized by high environmental sustainability. This study reported the evaluation of LSC panels in phytoremediation feasibility tests. Three plant species were used at a microcosm scale on soil contaminated by arsenic and lead. The experiments were conducted by comparing plants grown under LSC panels doped with Lumogen Red F305 (BASF) with plants grown under polycarbonate panels used for greenhouse construction. The results showed a higher production of biomass by the plants grown under the LSC panels. The uptake of the two contaminants by plants was the same in both the growing conditions, thus resulting in an increased total accumulation (defined as metal concentration times produced biomass) in plants grown under LSC panels, indicating an overall higher phytoextraction efficiency. This seems to confirm the potential that LSCs have to be building-integrated on greenhouse roofs, canopies, and shelters to produce electricity while increasing plants productivity, thus reducing environmental pollution, and increasing sustainability.
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1. Introduction


In recent years, research for photovoltaics development has been oriented towards the search for lower costs and higher conversion efficiencies. One of the fields of investigation concerns the optimal use of the solar spectrum by means of Luminescent Solar Concentrator (LSC). A typical LSC consists of a sheet of transparent material (generally polymeric matrix as PolyMethylMethAcrylate (PMMA)) where luminescent particles are homogeneously dispersed. The luminescent particles can selectively absorb the solar radiation and re-emit the energy absorbed at longer wavelengths, where PhotoVoltaic (PV) cells exhibit the highest efficiency. Therefore, the light is captured by the larger, planar surface of the slab, and the main part (~75%) of the converted radiation is waveguided in the slab’s plane (thanks to the total internal reflection) and concentrated on the smaller PV cell area on the edges to produce electricity (Figure 1). This reduces the amount of Silicon cells needed to generate a particular amount of energy and the overall cost of the panel, since the waveguiding material is inexpensive.



The hypothesis of converting the incident solar spectrum into monochromatic light in the LSCs was already proposed at the end of the 1970s, when LSCs based on organic dyes were first introduced as a low-cost technology to enhance the power conversion efficiency (PCE) of PV solar cells through improving their spectral response [1]. They can collect both diffuse and direct solar radiation, making them a suitable technology to be used in countries where diffuse solar radiation is dominant (more than 50%) such as in northern European countries [2]. Unlike traditional PV panels, LSCs are transparent and can be made with a wide variety of colors and shapes. Thanks to these characteristics, LSCs can be seen as potential structural energy components in the design of PV windows, skylights, and colored PV panels in building facades, but also of noise barriers, advertisement signs, shelters, agricultural covers, and so on, reducing environmental pollution caused by fossil fuels.



The considerable energy savings achievable by using LSC panels could also have an interesting application in the field of remediation of contaminated sites. Several different physicochemical and biological approaches have been suggested for the remediation of contaminated water [3,4,5] and soils [6,7], so that selecting a suitable technology is often a difficult yet crucial step for the successful reclamation of a contaminated site [8,9]. However, activities aimed at the remediation of contaminated sites or the treatment of effluents also have an environmental impact, since they make use of chemical products or processes, with consequent consumption of raw materials and energy. In many cases these aspects are not negligible, and could compromise the sustainability of the approach or even invalidate its beneficial aspects. This is the case with the Electro Kinetic Remediation Technology (EKRT) [10,11], which has proved particularly interesting and efficient in dealing with various types of contaminations allowing in situ interventions, and demonstrates a more ecological character, compared to other approaches [12], but suffers from some critical issues including high energy consumption [13] that require new solutions to confirm the technology as operationally valid.



In light of a growing demand for remediation interventions characterized by high environmental sustainability, there is a considerable request to promote those technologies with a reduced impact on the environment, among which a primary role is attributed to phytoremediation. This term includes a series of technologies based on the use of plants to remediate organic and inorganic contaminants in soil and other environmental matrices (sediments, water). The interest in these phytotechnologies has increased over time, given some significant advantages in their use compared to traditional remediation technologies: low cost, simplicity of operation, environmental benefits. Recent contributions based on Life Cycle Assessment (LCA) comparison of different technologies clearly show the major advantage of phytoremediation in environmental impact and ecological footprint with respect to consolidated technologies or excavation and landfill disposal [14].



Phytotechnologies fall entirely within the green remediation category [15], and given their minimal environmental impact, have been proposed as an effective nature-based solution (NBS), as they ensure environmental remediation in a sustainable and economically efficient way [16,17].



Phytoremediation includes several decontamination processes; the most used are:




	
Phytoextraction: process of contaminants extraction (organic and inorganic) from the soil through roots and subsequent translocation and accumulation in plant tissues (roots and shoots);



	
Phytodegradation: degradation of organic contaminants through plant biochemical processes by the increase in the microbial activity, which promotes the degradation of a contaminant in the soil;



	
Rhizofiltration: decontamination of polluted water carried out by aquatic plants either floating or submerged which uptake and concentrate, by their roots, the contaminants, removing them from aqueous environments;



	
Phytostabilization: containment or immobilization of contaminants in the rhizospheric region of plants by adsorption or precipitation preventing the leaching of dissolved contaminants and the aerial dispersion of contaminated soil particles;



	
Phytovolatilization: adsorption of contaminants by the root system, followed by translocation into the shoots and release into the atmosphere through the leaves’ transpiration process.








Among the various phytotechnologies in contaminated sites, phytoextraction is the most important for the removal of heavy metals. In the last twenty years, several innovative strategies have been developed to maximize the efficiency of the approach, which depends both on the biomass produced and the quantity of metal absorbed by the plants [18]. These strategies are aimed both to improve the performance of plants by using species with high biomass production and by increasing the bioavailability of contaminants through appropriate soil treatments with additives capable of increasing the concentration of metals in the liquid phase of the soil [19,20]. Among these innovative strategies, the possibility of relying on plant growth-promoting bacteria (PGPB) to improve the effectiveness of phytoextraction processes is of particular interest. These beneficial plant bacteria living in close association with roots have several positive effects on plant growth and develop PGPB can significantly contribute to increase plants metal uptake and, consequently, the efficiency and the rate of phytoextraction [20,21]. The increase in uptake is often further enhanced by simultaneous addition of metals mobilizing agents such as chelating compounds [22], to be selected and dosed appropriately in order not to penalize the sustainability of the approach, and possibly monitor with non-invasive approaches to avoid uncontrolled diffusion in the environment [23].



However, since phytoremediation is a highly site-specific approach, each innovation requires preliminary tests on an increasing scale to verify its effectiveness before full-scale applicability, including the setting up of dedicated greenhouses as a suitable environment for feasibility tests to optimally prepare full-scale interventions [24]. These increasing-scale trials mostly take place in greenhouses that are subject to considerable costs when they require the maintenance of optimal temperature conditions.



In a controlled environment, it is possible to better study the use of additives that increase the bioavailability of contaminants. The evaluation of the responses to plant stress and all those measures that can have significant positive effects on the efficiency of phytoremediation, particularly root-microorganism interactions, is often crucial to the success of the technology. Proper management of greenhouse conditions (light, temperature, humidity, and irrigation) can considerably improve phytoremediation feasibility tests’ efficiency and speed. In semi-controlled and protected conditions, some obstacles to plant growth can be studied and overcome, such as the reduced biological activity of plants due to seasonality and the bioavailability dynamics of pollutants.



In particular, aim of this study was to provide the information necessary for evaluating the possibility of coupling Luminescent Solar Concentrators with phytoremediation in remediation procedures. Indeed, as the wave-guiding material is semi-transparent and wavelength selective, LSCs could also find promising applications in greenhouse roof panels: by selecting only the light that plants do not use for photosynthesis [25], it should be possible to produce electricity without penalizing plants growth, or possibly even increase agricultural productivity.



For this purpose, phytoextraction tests were carried out with three plant species (Brassica juncea, Helianthus annuus and Lupinus albus) to assess the effect of LSC panels on plant growth and the absorption capacity of contaminants by plants on a soil polluted by arsenic and lead. Experiments were carried out by comparing plants grown under LSC panels versus plants grown under polycarbonate panels. LSC panels doped with Lumogen Red F305 (BASF) as luminescent dye were used to be evaluated as optical filter and not as a PV device for electricity production. The parameters examined were those essential for a phytoremediation feasibility test:




	
possibility of plant growth in contaminated soil;



	
biomass production;



	
uptake of contaminants by plants;



	
total removal of pollutants by plants.








This is a highly innovative perspective since, to the best of our knowledge, there are no consolidated studies and results on the use of LSC in the remediation of contaminated sites using phytoremediation technologies, when, due to soil contamination, plants should grow under significant stress conditions.




2. Materials and Methods


2.1. Soil


The soil considered was collected from a former industrial site in Tuscany (Italy) contaminated by lead (Pb) and arsenic (As) arising from manufacturing activities of various chemicals. Soil samples were collected from the 0 to 20 cm layer, air-dried, and sieved through a 2 mm sieve before laboratory analysis. In Table 1, soil pH was determined in a soil/water ratio of 1:2.5 [26], cation exchange capacity (CEC) using barium chloride (pH = 8.1) [27], and texture by the pipette method [28]. Total nitrogen (N) was determined by the Kjeldahl method [29], available phosphorus (P) by extraction with sodium bicarbonate [30], and organic matter by wet combustion [31].




2.2. Chelating Agents


Plant uptake is mainly influenced by the bioavailable fractions rather than the total amount in the soil. For the highest efficiency in soil phytoextraction, an increased availability of soluble forms of the contaminants is required. Bioavailability depends on the soil characteristics that determine the release of Pb and As in the soil solution and plants ability to uptake and transfer the metals to their tissues.



A high cation exchange capacity (CEC) and alkaline pH reduce Pb mobility and bioavailability. Consequently, in soils contaminated by Pb, phytoextraction has many limitations, deriving from the behavior of the element in the soil environment.



To increase bioavailability, the uptake and translocation of metals, the addition of chelating agents has been extensively used in phytoextraction, with organic acids being particularly effective in increasing the solubility of metals [32,33].



For many years, chelating agents have been used to increase plants uptake of micronutrients from the soil. Chelating agents’ action is mainly based on the release of metals from the soil–solid surfaces and the formation of stable metal complexes in soil solution available for plant uptake. In this experimental campaign, Ethylene Diaminete Traacetic Acid (EDTA) was selected being one of the most used chelant, which increases the uptake of several metals, Pb in particular [34]. Indeed, it was preferred to opt for a well-known and commonly used solution, with positive results in assisted phytoextraction processes, even very recent ones [35,36], in order to reduce uncertainty about this factor and focus more attention on the effect of using LSC panels.




2.3. Photosynthetic Process and Selection of Luminescent Dye


In the process of photosynthesis, plants absorb the solar radiation in the range 400–700 nanometers (this range is called Photosynthetically Active Radiation, PAR), primarily using the pigment Chlorophyll, the most abundant in the plant. In addition to chlorophyll, plants also use other pigments belonging to the carotenoid group.



The chlorophyll exists in two forms: chlorophyll a and chlorophyll b. Chlorophyll a shows a strong light absorption in the blue zone of the solar spectrum as well in the red zone; chlorophyll b absorbs mostly blue and orange light. In contrast, both absorb poorly the green and near-green light, which reflects the typical green color of the leaves. In the near-green zone, the absorption of carotenoids takes place (Figure 2).



The photosynthetic efficiency (i.e., the fraction of light energy converted into chemical energy during photosynthesis) depends on the wavelength of light. The red light (600–700 nm) is the most efficient; the efficiency increases when coupled to an equal far-red light (700–800 nm). The violet-blue light, even if less efficient (efficiency = 0.65–0.75) [38], is necessary for photosynthesis because it promotes the development of chloroplasts, where photosynthesis takes place [39]. A low percent of violet-blue light (~7%) is enough to ensure plants good health [40]. Outside the visible spectrum, the UV light (200–400 nm) damages the chloroplasts hindering the photosynthetic process [41].



Considering this, luminescent dye Lumogen F305 (perylene-based molecule by BASF) was chosen for its spectroscopic features, high quantum yield (100%) and good photostability (5% of degraded dye after 4600 h accelerated ageing). Indeed, the absorption spectrum of Lumogen is characterized by a strong band in the range 500–600 nm with maximum absorption at 576 nm and a weak band between 400 and 500 nm; the photoluminescence emission takes place between 600 and 750 nm with a maximum fluorescence peak at 615 nm (Figure 3).



Green light of solar spectrum, which is largely captured by Lumogen, is not absorbed by chlorophylls and carotenoids. Therefore, a LSC panel doped with Lumogen does not interfere with the photosynthetic process.



High intensity and correct distribution of transmitted sunlight are required to LSC plates for greenhouse application; these conditions allow high growth and good development of plants. Increased conversion of sunlight absorbed in electricity is also needed for making self-supporting greenhouses. In this respect, the amount of luminescent dye in the plate plays a key role.



Different dye concentrations were evaluated to determine the best one in terms of quantity and quality of transmitted light and electricity production. Transmitted light and its distribution in PAR range were measured from the transmittance UV–Vis spectra by using a Perkin Elmer UV–Vis–NIR Lambda 950 spectrometer. Every spectrum was firstly weighted for the solar spectrum by the AM 1.5 Reference Solar Spectrum. Then, the integrated area of the solar weighted transmission spectrum (in the range 400–700 nm) of the sample was perceptualized using the AM 1.5 as reference.



PAR attenuation (%) is the attenuation of the transmitted light (ITL) with respect to the incident light (IIL), as reported in Equation (1):


(ITL − IIL)/IIL * 100



(1)








2.4. LSC Panel Design


A typical greenhouse hard cover is made of double-wall PolyCarbonate (PC) panels with sizes that range from 1.2 × 0.6 m to 3 × 2 m. In contrast with this, large LSC modules rarely exceed a short-side length of 50–60 cm. In fact, the performances of larger devices are limited by self-absorption of the fluorescent dye (multiple absorption-emission events that reduce the light transport efficiency, due to the overlap between the absorption and emission spectra, Figure 3).



A reasonable trade-off is a module with a fixed short side of 50–60 cm and a variable length of 0.5 to 2 m; this size permits to have modules with a large area but where the optical path inside the slab is not so long to limit the performance due to self-absorption [42].



In addition, proper structural characteristics as rigidity and thermal insulation are required in practical use as roofing. Hence, a suitable LSC device for greenhouses requires a dedicated design with the integration of additional materials to fulfill these specifications.



In the present work, LSC panels with dimensions of 50 × 50 × 0.6 cm and 100 × 100 × 0.6 cm were used, fabricated by Altuglas (Arkema Group) using an industrial method of “cell-casting polymerization” [43]. In particular, PMMA ShieldUp® (impact resistant) was used as transparent material. LSCs with ShieldUp® are a patented technology [44] resulting from the collaboration between Arkema Group and Eni S.p.A, specially developed to provide a polymer composition that is highly resistant to shocks, remains transparent regardless of temperature, and possesses greater flexibility, all while it absorbs and re-emits light. These characteristics make it suitable for greenhouse roofing.



Measures of electrical efficiency of a complete LSC device were also performed. Eight silicon cells IXYS SLMD142H01LE (dimensions 24.7 × 0.6 cm each and an active surface of 14.8 cm2) were glued on the four edges of the slab, wired in series, and connected to a Keithley 2602A (3A DC, 10A Pulse) digital multimeter to record the power response. A 50 × 50 × 0.6 cm device was exposed directly to the sun and the current-voltage (I-V) curves were collected.



The corresponding power conversion efficiency (PCE) was estimated though the following formula:


     V  O C   ·  J  S C   · F F    P  i n      



(2)




where in    V  o c     is the open-circuit voltage,    J  s c     is the short-circuit current density,    P  i n     is the intensity of the light incident on the device (Global Normal Irradiance GNI = 1000 W/m2), and   F F   (Fill Factor) is defined by the following ratio:


  F F =    V  M P P   ·  J  M P P      V  O C   ·  J  S C      



(3)




with    V  M P P     and    J  M P P     defined as the voltage and current density, respectively, corresponding to the maximum power point.



Considering Equations (2) and (3), it results   P C E =  P  m a x   /  P  i n   =  V  M P P   ∗  J  M P P   /  P  i n    .



The power production from the panel estimated in this way represents the peak value, obtained with a naked LSC slab. However, the effective power conversion efficiency is influenced by the final configuration of the device, so measures on the building-integrated panel are deemed necessary.




2.5. Experimental Design


The microcosm tests were carried out in two different conditions: inside a greenhouse (first phase) and outdoor (second phase). In the first phase (Figure 4), the plants were grown on a microcosm scale under a red LSC panel of 100 × 100 cm supplied by Eni, positioned at the height of about 50 cm to allow adequate plant growth. As a comparison, the same tests were set up outside the LSC panel. The first phase aimed to evaluate if the red LSC panel could hinder or reduce the biomass production of the selected species.



In the second phase (Figure 5), outside the greenhouse, tests were set up using small boxes made of polycarbonate and LSC panels, built and supplied by Eni with a size of 50 × 50 cm. Microcosms were placed inside the red LSC box, so that the plants were totally subject to the action of the LSC panels. The same number of microcosms for each species were placed in the polycarbonate box, in order to have a comparison at the same conditions. In this second phase, metals bioavailability has been increased by the addition of EDTA for some samples.



In both phases, the growth of plant species commonly used for phytoremediation, Brassica juncea (B), Lupinus albus (L), and Helianthus annuus (H) [20,22] was considered to evaluate the biomass yield and the accumulation of the target metals (As and Pb).



2.5.1. Indoor Microcosm Tests


The phytoextraction test was carried out in 400 mL microcosms, i.e. pots filled with soil in which the selected species are grown. Pots were filled with 300 g of As and Pb contaminated soil.



Ten microcosms per species were prepared, for a total number of microcosms of 30, 15 grown under the LSC panel and 15 outside the panel. Sowing was carried out using 0.5 g of Brassica juncea, 6 seeds of Helianthus annuus, and 5 seeds of Lupinus albus. The experiment was organized in a randomized complete block design.



Microcosms were watered daily (at least twice a day) according to the needs of the plants. B. juncea was the plant species that needed the least water. On average 20 mL for B. juncea and 25 mL for L. albus and H. annuus, twice a day.



The whole experiment lasted 30 days. Plants were separated into roots and shoots. Vegetal samples were accurately washed with deionized water, and roots were further sonicated for 5 min with a Branson Sonifier 250 ultrasonic processor (Branson Ultrasonic Corporation, Danbury, CT, USA) to remove the soil particles possibly still present, and then rinsed with deionized water. Vegetal samples were dried up to constant weight in a ventilated oven at 40 °C and each dry weight (DW) was recorded.




2.5.2. Outdoor Microcosm Tests


The microcosm test was conducted outdoor under two boxes measuring 50 × 50 × 50 cm, one in transparent polycarbonate and the other consisting of red LSC panels. The amount of soil per microcosm was 300 g. The selected plant species were the same as the first phase: B. juncea (B), L. albus (L) and H. annuus (H). Sowing was carried out using 0.5 g of brassica seeds, 6 sunflower seeds, and 5 lupine seeds. For each species, tests were conducted in triplicate both without and with the addition of EDTA. The trial lasted about 30 days. Irrigation was carried out based on the daily need of the plants. About 20 days after sowing, treatment with the 2 mM EDTA solution started. A total dose of 10 mL of EDTA solution was added for each treated microcosm, divided into 5 days, diluting the daily dose with water. At the end of both tests, the plants were harvested by separating the leaves and stems from the roots. The fresh weight of the developed biomass was measured and after careful washing, the plant samples were placed in an oven at about 45 °C to dry. The dry weight was then determined, and the samples were prepared to be analyzed and evaluate the amount of As and Pb accumulated in vegetable tissues.





2.6. Lead and Arsenic Analysis in Soil and Plants


Each plant sample (roots and shoots) was ground into fine particles (<1 mm) and digested according to US-EPA 3052 [45]. Total As (using a method for the generation of hydrides) and Pb concentration in soil and plants (aerial part and roots) were analyzed by ICP-OES (Varian AX Liberty. Varian Inc., Palo Alto, CA, USA).




2.7. Quality Assurance and Quality Control


QA/QC were performed by testing two standard solutions (0.5 and 2 mg L−1) every 10 samples. Certified reference materials, CRM ERM e CC141 for soil and CRM ERM - CD281 for plants, were used. The limit of quantification (LOQ) for Pb and As were of 5 and 50 mg L−1, respectively. The recovery of spiked samples ranged from 95% to 101% with a Relative Standard Deviation (RSD) of 1.88 of the mean for Pb and from 94 to 101% with a RSD of 1.91 of the mean for As.




2.8. Statistical Analysis


Statistical analysis was performed using STATISTICA version 6.0 (Statsoft, Inc., Tulsa, OK, USA). Effects of treatments were analyzed using one-way analysis of variance (ANOVA). Differences between means were compared and a post-hoc analysis of variance was performed using the Tukey’s honestly significant difference test (P < 0.05).





3. Results


3.1. LSC Panels Properties and Performance


Tests with various concentrations of luminescent dye were performed in the range 40–160 ppm, in order to identify the right composition to both maximize the photosynthesis process and the energy production. LSC plate doped with 160 ppm of Lumogen F305 has been identified to have the right characteristics to be used in microcosm experiments. As reported in Table 2, it transmits a sufficient PAR light (about 30%), a low UV light (0.6%), and a high red and far-red light (90%); the blue light is also satisfactory (7.8%) [42].



A power conversion efficiency (PCE) of 1.5% (corresponding to 15 W/m2) was obtained for the naked LSC slab (0.5 × 0.5 m2) using Equations (1) and (2). Starting from 1.5% that is the maximum value obtained, the PMMA ShieldUp® implementation in the final configuration (to achieve the necessary structural characteristics) determines a drop, albeit modest, of the effective power conversion efficiency.



The power produced is reasonably sufficient to fulfill all or part of greenhouse needs, as airflow and water pumping irrigation, based on the characteristics of the specific greenhouse. Indeed, greenhouse electrical consumption depends on several parameters (as the location, the season of the year, technological innovation level and so on). However, the large surfaces of the greenhouse roofs can be potentially entirely covered by LSC ShieldUp® devices to maximize energy production.




3.2. First phase: Indoor LSC Panel


The first phase aimed to evaluate if the red LSC panel could hinder or reduce the biomass production of the selected species. The obtained results for the fresh weight for the aerial part and roots are reported in Figure 6. In the following, B LSC, H LSC, and L LSC indicate the brassica, sunflower and lupine plants grown under the LSC panel. B, H, and L refer to species grown outside the LSC panel, also indicated with the label CT (control).



From data showed, it can be noticed a trend towards a higher production of fresh biomass for the aerial part of the plants grown under the LSC panel. On average, considering the mean values, this increase ranges from around 24% to 31%. In Figure 6, the fresh weight values obtained for the roots have also been reported, even if these data are not particularly significant on a microcosm scale due to the difficulty of their harvesting and the modest production. Additionally, in this case, a general trend towards higher (root) biomass production under the LSC panel can be seen, although the differences between the plants grown outside or below the LSC panel are not very large.



To compare the overall biomass production, it is possible to consider the whole set of microcosms and calculate the sum of the biomass produced of the five microcosms of each species. The results are reported in Figure 7.



These results from fresh weights are also confirmed by the trend of the dry weight of the biomass, as shown in Table 3.



In this case, there are significant differences between the aerial parts of plants grown under the red panel and those grown outside the panel, with an increase of about 25%, 27%, and 28% of the mean values for B. Juncea, H. Annuus, and L. Albus, respectively.



Considering that energy saving is one of the strengths of "green remediation", the usefulness of LSC panels can be demonstrated if the plants cultivated grow and develop like those grown in traditional greenhouses. The results obtained seem to support this thesis. By absorbing mainly green light, red LSC panels maintain the blue spectral range necessary to activate photosynthesis. At the same time, the quantity and quality of light transmitted by the luminescent dye incorporated in these panels can improve the spectrum red fraction where the photosynthetic activity is highest [46,47,48]. Indeed, it should also be considered that these results were obtained with plants grown in contaminated soil, therefore under stress conditions.




3.3. Arsenic and Lead Uptake by Plants


An essential parameter to evaluate the feasibility of a phytoremediation intervention is the plant ability to absorb contaminants. The concentration of As absorbed by the plants is reported in Table 4.



No difference was found between the amount absorbed by plants grown under the LSC panel and those grown outside the panel. The values obtained, which are the average over five replicates, are not significantly different from each other; thus, it appears that the LSC panel did not have a negative influence on As uptake by plants both in the aerial part and in the roots of plants.



The average values of Pb concentration were shown in Table 5. Further, in the case of Pb, the LSC panel did not affect the absorption of the metal. The mean Pb concentration values are not significantly different in plants grown under or outside the panel.




3.4. Total Accumulation


The “total accumulation” (i.e., the total metal amount extracted by plants) was evaluated as product of metal concentration and aerial biomass [49]. This parameter provides an estimation of phytoextraction efficiency, since it includes both metal uptake and vegetal biomass production [20].



Data of total accumulation are reported in Figure 8.



The tests conducted in the greenhouse show positive effects on plants grown under the red LSC panel. On the contrary, since there are no differences in the absorption of contaminants, the increase in plant biomass grown under the red LSC panel also shows a beneficial effect on the total uptake values. On balance, the LSC panel could improve plant growth and development, with a consequent increase in the amount of metals removed from the contaminated soil.




3.5. Second Phase: Outdoor Comparison between LSC and Polycarbonate Boxes


As described above, the microcosm test was conducted outdoor using two boxes, one in transparent polycarbonate and the other consisting of red LSC panels.



In this case, the lighting conditions of the plants in the microcosms are significantly different from those of the first phase of the experiments. Indeed, there is no longer the shielding due to the greenhouse under which the first phase tests were conducted: the two boxes were placed outdoor, directly under the sunlight. In addition, for the LSC box all sides are made of red LSC panels, condition that should simulate on a small scale the effect of a hypothetical greenhouse made up exclusively of red LSC panels (in the comparison box all sides are made of polycarbonate).



In general, the plants grew well, even after adding EDTA. Additionally, in this case, the results obtained show that the production of fresh biomass, especially in the aerial part, is higher for plants grown under the red box (Figure 9).



The trend of dry weight of the biomass of the plants is similar to that of the fresh weight; the data has been reported in Table 6.



A picture of plants grown under the two different boxes before EDTA addition is reported in Figure 10. As an example, for each of the three plant species, two microcosms grown in the LSC box (on the left of the viewer) are compared with two microcosms grown in the polycarbonate box (on the right).



It must be emphasized that the addition of EDTA (not reported in Figure 10) did not show a negative effect on biomass production. This result can be attributed to both the fractional addition of the chelating agent and the short growth period of the plants in the microcosm tests.



The concentration values of As and Pb in the aerial part and in the roots of the plants are shown in Table 7.



From the results obtained, it can be seen that the concentration of Pb and As is in general very similar for the plants grown under the red box and under the polycarbonate one. In some cases, the plants under the red box even showed a slightly improvement in the absorption of the contaminants. In general, the present experiment results showed that in all plants, EDTA addition increased Pb concentrations in shoots compared with the control.



The addition of EDTA increased the Pb content in the brassica plants in the aerial part by more than four times, without notable differences between the plants grown under the red box and those under the polycarbonate box.



A similar increase was also found in the aerial part of the sunflower, with an increase in the concentration of Pb of about 4.5 times in plants grown under the polycarbonate box and about 6 times in those grown under the red box. The most relevant effects of the addition of EDTA were found in the lupine plants with increases in Pb concentration of the aerial part of about 10 times the value found in the plants not treated with the chelating agent. The results were the same for both boxes.



The effect of EDTA was instead not very evident in the root system, where the difference in the concentration of Pb between treated and untreated microcosms was always minimal.



Lead is not easily transferred to above-ground plant biomass, since it is mainly stored in root cells [50,51]. In this experiment, the addition of EDTA has proved to be particularly effective for phytoextraction because it seems to have favored the translocation of the metal in the aerial part. It can be supposed that EDTA chelates Pb in the soil liquid phase then the soluble Pb–EDTA complex enters the roots and Pb is transported through the plant and accumulated in the aerial part [52].



The results did not show any adverse effect of EDTA on arsenic uptake. This can be ascribed to the action that EDTA carries out on iron oxides, partially solubilized by the complexing agent [53]. The mobility of arsenic in soil is greatly influenced by the presence of Fe-oxides where significant amounts of As are adsorbed [54]. Arsenate forms outer-sphere complexes by electrostatic coulombic interactions on all variable charge minerals [54]. It can be hypothesized that the disruptive effects of the oxides by EDTA release the arsenic that goes into soil solution becoming available for plants. As a matter of fact, in the specific contaminated soil, the plants can uptake both the contaminants even if not essential elements. There were no differences in the concentration of the two metals between the plants grown in the polycarbonate box and the LSC red box. After all, the EDTA metal complexes are poorly photodegradable in the soil, mostly when plants have grown and in the alkaline conditions of soil pH [55].



The total accumulation of the two metals for the three investigated plants is reported in Figure 11 for As and Pb.



This parameter, which, as previously stated, is essential in evaluating the efficiency of phytoremediation, shows a positive effect of the LSC panels, as it is generally higher for tests carried out in the red box. The results showed that plants development under the red box also appears visually higher than that under the polycarbonate box. Thus, the positive effects are more explicit in outdoor tests rather than in greenhouses, as in general the light conditions in the greenhouse tend to decrease due to the shielding effect of the walls of the structure.





4. Conclusions


In a context of growing international attention linked to the need to resort to renewable energy sources, the possibility of using LSC panels for the growth of vegetables is becoming a path pursued with great interest. LSCs can collect both diffuse and direct solar radiation, making them a suitable technology to be used in countries where diffuse solar radiation is dominant such as in northern European countries (with more than 50% diffuse light). Research is still at an early stage regarding the beneficial effects of LSCs on the plant growth, which will require a better understanding of the potential impacts of this technology on growth across the huge diversity of vegetable species.



Nevertheless, the results of the present experimentation show that LSC panels in PMMA ShieldUp doped with 160 ppm Lumogen Red F305 have the right characteristics to be used for greenhouse application, since they do not penalize the growth of plants, but rather they contribute to enhance the photosynthetic efficiency: the fluorescent dye transmits a sufficient PAR light (about 30%), a low UV light (0.6%) and a high red and far-red light (90%), while maintaining a satisfactory blue light (7.8%), necessary to improve the photosynthetic efficiency.



Despite the preliminary nature of the conducted tests, which to the best of the authors knowledge are absolutely innovative as there are no similar experiences even at an international level, the results seem absolutely promising. Indeed, despite stressful conditions due to a high concentration of contaminants in the soil, the plants under the LSC panel grew well showing a higher uptake capacity with respect to plants grown in the traditional greenhouse in polycarbonate. At the same time, plants grown in the LSC greenhouse showed an interesting increase in fresh biomass production on microcosm scale. These results offer some ideas for the possible use of these materials in the field of remediation through phytoremediation, especially on a larger scale where both LSCs and phytoremediation techniques deemed to be further proved.



An on-site greenhouse capable of being energy self-sufficient allows feasibility tests to be carried out in optimal times, regardless of the climatic conditions (protection from high temperatures in summer and low temperatures in winter) even with the addition of chemical additives and biological (PGPR) to choose the best strategy for full-scale remediation activities. In this sense, the power produced by relying on LSC panels could be utilized to fulfill all or part of the greenhouse needs, as airflow and water pumping irrigation. Indeed, the large surfaces of the greenhouse roofs can be potentially entirely building-integrated with by LSC devices to maximize energy production.



About this, measures of electrical efficiency of a complete LSC device (50 × 50 × 0.6 cm3) with 160 ppm Lumogen Red F305 concentration showed a power conversion efficiency (PCE) of 1.5%, equal to a maximum power production of 15 W/m2.



Depending on the greenhouse size, location, year season and technological innovation degree, a use could also be envisaged for ex situ phytoremediation activities. For example, by digging the contaminated soil at a certain depth it may be possible to place it inside the greenhouse and program the growth of plants on the soil to be reclaimed in any climatic season, considerably reducing the remediation times especially in the presence of contamination by organic compounds.



On a full scale, LSC panels can also be used as canopies, placed at a certain height on the area to be reclaimed, using appropriate anchoring systems, allowing the LSC properties to be exploited. The height of the panels should be established based on the potentially used agricultural machinery, and sowing should also be arranged in such a way as to allow access and use of these means.







Author Contributions


Conceptualization, C.S., F.P., G.P., and E.F.; methodology, C.S. and G.P.; validation, F.P, G.P., M.B., and M.G; formal analysis, M.V.; investigation, A.P., S.P., S.Z., F.P., G.P., M.B., and M.G.; resources, F.P., G.P., C.S., and L.G.; data curation, M.V.; writing—original draft preparation, C.S., L.G., F.P., and G.P.; writing—review and editing, M.V. and E.F.; visualization, M.V.; supervision, M.V.; project administration, C.S.; funding acquisition, E.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Eni S.p.A, Research & Technological Innovation Department, San Donato Milanese (Italy) and fully funded by Syndial S.p.A. (now Eni Rewind S.p.A.), agreement number 3500047416.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the present article.




Acknowledgments


The Authors thank Irene Rosellini, IRET-CNR, for technical assistance in Phytoremediation experiments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rafiee, M.; Chandra, S.; Ahmed, H.; McCormack, S.J. An Overview of Various Configurations of Luminescent Solar Concentrators for Photovoltaic Applications. Opt. Mater. 2019, 91, 212–227. [Google Scholar] [CrossRef]

	



Debije, M.G.; Verbunt, P.P.C. Thirty Years of Luminescent Solar Concentrator Research: Solar Energy for the Built Environment. Adv. Energy Mater. 2012, 2, 12–35. [Google Scholar] [CrossRef]

	



Farhadian, M.; Vachelard, C.; Duchez, D.; Larroche, C. In situ bioremediation of monoaromatic pollutants in groundwater: A review. Bioresour. Technol. 2008, 99, 5296–5308. [Google Scholar] [CrossRef]

	



Vocciante, M.; Finocchi, A.; De Folly D’Auris, A.; Conte, A.; Tonziello, J.; Pola, A.; Reverberi, A. Enhanced oil spill remediation by adsorption with interlinked multilayered graphene. Materials 2019, 12, 2231. [Google Scholar] [CrossRef] [PubMed]

	



Pietrelli, L.; Francolini, I.; Piozzi, A.; Sighicelli, M.; Vocciante, M. Chromium(III) removal from wastewater by chitosan flakes. Appl. Sci. 2020, 10, 1925. [Google Scholar] [CrossRef]

	



Khan, F.I.; Husain, T.; Hejazi, R. An overview and analysis of site remediation technologies. J. Environ. Manag. 2004, 71, 95–122. [Google Scholar] [CrossRef]

	



Pavel, L.V.; Gavrilescu, M. Overview of ex situ decontamination techniques for soil cleanup. Environ. Eng. Manag. J. 2008, 7, 815–834. [Google Scholar] [CrossRef]

	



Vocciante, M.; Reverberi, A.P.; Pietrelli, L.; Dovì, V.G. Improved remediation processes through cost-effective estimation of soil properties from surface measurements. J. Clean. Prod. 2017, 167, 680–686. [Google Scholar] [CrossRef]

	



da Silva, B.M.; Maranho, L.T. Petroleum-contaminated sites: Decision framework for selecting remediation technologies. J. Hazard. Mater. 2019, 378, 120722. [Google Scholar] [CrossRef]

	



Rosestolato, D.; Bagatin, R.; Ferro, S. Electrokinetic remediation of soils polluted by heavy metals (mercury in particular). Chem. Eng. J. 2015, 264, 16–23. [Google Scholar] [CrossRef]

	



Ferrucci, A.; Vocciante, M.; Bagatin, R.; Ferro, S. Electrokinetic remediation of soils contaminated by potentially toxic metals: Dedicated analytical tools for assessing the contamination baseline in a complex scenario. J. Environ. Manag. 2017, 203, 1163–1168. [Google Scholar] [CrossRef] [PubMed]

	



Vocciante, M.; Caretta, A.; Bua, L.; Bagatin, R.; Ferro, S. Enhancements in ElectroKinetic Remediation Technology: Environmental assessment in comparison with other configurations and consolidated solutions. Chem. Eng. J. 2016, 289, 123–134. [Google Scholar] [CrossRef]

	



Vocciante, M.; Dovì, V.G.; Ferro, S. Sustainability in ElectroKinetic Remediation Processes: A Critical Analysis. Sustainability 2021, 13, 770. [Google Scholar] [CrossRef]

	



Vocciante, M.; Caretta, A.; Bua, L.; Bagatin, R.; Franchi, E.; Petruzzelli, G.; Ferro, S. Enhancements in phytoremediation technology: Environmental assessment including different options of biomass disposal and comparison with a consolidated approach. J. Environ. Manag. 2019, 237, 560–568. [Google Scholar] [CrossRef]

	



U.S. Environmental Protection Agency. Citizen’s Guide to Thermal Desorption; Office of Solid Waste and Emergency Response, Publication EPA, United States Environmental Protection Agency: Washington, DC, USA, 2012.

	



O’Connor, D.; Zheng, X.; Hou, D.; Shen, Z.; Li, G.; Miao, G.; O’Connell, S.; Guo, M. Phytoremediation: Climate change resilience and sustainability assessment at a coastal brownfield redevelopment. Environ. Int. 2019, 130, 104945. [Google Scholar] [CrossRef] [PubMed]

	



Song, Y.; Kirkwood, N.; Maksimović, Č.; Zheng, X.; O’Connor, D.; Jin, Y.; Hou, D. Nature based solutions for contaminated land remediation and brownfield redevelopment in cities: A review. Sci. Total Environ. 2019, 663, 568–579. [Google Scholar] [CrossRef]

	



Franchi, E.; Petruzzelli, G. Phytoremediation and the key role of PGPR. In Advances in PGPR Research; Singh, H.B., Sarma, B.K., Keswani, C., Eds.; CABI: Boston, MA, USA, 2017; pp. 306–329. [Google Scholar]

	



Franchi, E.; Rolli, E.; Marasco, R.; Agazzi, G.; Borin, S.; Cosmina, P.; Pedron, F.; Rosellini, I.; Barbafieri, M.; Petruzzelli, G. Phytoremediation of a multi contaminated soil: Mercury and arsenic phytoextraction assisted by mobilizing agent and plant growth promoting bacteria. J. Soils Sediments 2017, 17, 1224–1236. [Google Scholar] [CrossRef]

	



Franchi, E.; Cosmina, P.; Pedron, F.; Rosellini, I.; Barbafieri, M.; Petruzzelli, G.; Vocciante, M. Improved arsenic phytoextraction by combined use of mobilizing chemicals and autochthonous soil bacteria. Sci. Total Environ. 2019, 655, 328–336. [Google Scholar] [CrossRef]

	



Glick, B.R. Using soil bacteria to facilitate phytoremediation. Biotechnol. Adv. 2010, 28, 367–374. [Google Scholar] [CrossRef]

	



Barbafieri, M.; Pedron, F.; Petruzzelli, G.; Rosellini, I.; Franchi, E.; Bagatin, R.; Vocciante, M. Assisted phytoremediation of a multi-contaminated soil: Investigation on arsenic and lead combined mobilization and removal. J. Environ. Manag. 2017, 203, 316–329. [Google Scholar] [CrossRef] [PubMed]

	



Vocciante, M.; Reverberi, A.P.; Dovì, V.G. Approximate Solution of the Inverse Richards’ Problem. Appl. Math. Model. 2016, 40, 5364–5376. [Google Scholar] [CrossRef]

	



Barbafieri, M.; Japenga, J.; Romkens, P.; Petruzzelli, G.; Pedron, F. Protocols for applying phytotechnologies in metal-contaminated soils. In Plant based Remediation Processes; Gupta, D.K., Ed.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 19–37. [Google Scholar]

	



Loik, M.E.; Carter, S.A.; Alers, G.; Wade, C.E.; Shugar, D.; Corrado, C.; Jokerst, D.; Kitayama, C. Wavelength-Selective Solar Photovoltaic Systems: Powering Greenhouses for Plant Growth at the Food-Energy-Water Nexus. Earth’s Future 2017, 5, 1044–1053. [Google Scholar] [CrossRef]

	



Thomas, G.W. Soil pH and soil acidity. In Methods of Soil Analysis. Part 3. Chemical Methods; Sparks, D.L., Ed.; Soil Science Society of America Inc.: Madison, WI, USA, 1996; pp. 475–490. [Google Scholar]

	



Sumner, M.E.; Miller, W.P. Cation exchange capacity and exchange coefficients. In Methods of Soil Analysis. Part 3. Chemical Methods; Sparks, D.L., Ed.; Soil Science Society of America Inc.: Madison, WI, USA, 1996; pp. 1201–1230. [Google Scholar]

	



Gee, G.W.; Bauder, J.W. Particle-size analysis. In Methods of Soil Analysis. Part 1. Physical and Mineralogical Methods; Klute, A., Ed.; American Society of Agronomy/Soil Science Society of America: Madison, WI, USA, 1986; pp. 383–411. [Google Scholar]

	



Bremner, J.M. Nitrogen total. In Methods of Soil Analysis. Part 3. Chemical Methods; Sparks, D.L., Ed.; Soil Science Society of America Inc.: Madison, WI, USA, 1996; pp. 1085–1121. [Google Scholar]

	



Kuo, S. Phosphorus. In Methods of Soil Analysis. Part 3. Chemical Methods; Sparks, D.L., Ed.; Soil Science Society of America Inc.: Madison, WI, USA, 1996; pp. 869–920. [Google Scholar]

	



Nelson, D.W.; Sommers, L.E. Total carbon, organic carbon and organic matter. In Methods of Soil Analysis. Part 3. Chemical Methods; Sparks, D.L., Ed.; Soil Science Society of America Inc.: Madison, WI, USA, 1996; pp. 961–1010. [Google Scholar]

	



Quartacci, M.F.; Argilla, A.; Baker, A.J.M.; Navari-Izzo, F. Phytoextraction of metals from a multiply contaminated soil by Indian mustard. Chemosphere 2006, 63, 918–925. [Google Scholar] [CrossRef]

	



Doumett, S.; Lamperi, L.; Checchini, L.; Azzarello, E.; Mugnai, S.; Mancuso, S.; Petruzzelli, G.; Del Bubba, M. Heavy metal distribution between contaminated soil and Paulownia tomentosa, in a pilot-scale assisted phytoremediation study: Influence of different complexing agents. Chemosphere 2008, 72, 1481–1490. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, B.F.F.; de Abreu, C.A.; Herpin, M.F.U.; de Abreu, R.S. Berton. Phytoremediation of lead by jack beans on a Rhodic Hapludox amended with EDTA. Sci. Agric. 2010, 67, 308–318. [Google Scholar] [CrossRef]

	



Li, F.-L.; Qiu, Y.; Xu, X.; Yang, F.; Wang, Z.; Feng, J.; Wang, J. EDTA-enhanced phytoremediation of heavy metals from sludge soil by Italian ryegrass (Lolium perenne L.). Ecotoxicol. Environ. Saf. 2020, 191, 110185. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Ali, S.; Rehman, M.; Rizwan, M.; Kamran, M.; Mohamed, I.A.A.; Khan, Z.; Bamagoos, A.A.; Alharby, H.F.; Hakeem, K.R.; et al. Individual and combined application of EDTA and citric acid assisted phytoextraction of copper using jute (Corchorus capsularis L.) seedlings. Environ. Technol. Innov. 2020, 19, 100895. [Google Scholar] [CrossRef]

	



Evert, R.F.; Eichhorn, S.E. Raven Biology of Plants, 8th ed.; W.H. Freeman/Palgrave Mcmillan: London, UK, 2013. [Google Scholar]

	



Sager, J.C.; Smith, W.O.; Edwards, J.L.; Cyr, K.L. Photosynthetic efficiency and phytochrome photoequilibria determination using spectral data. Trans. ASAE 1988, 31, 1882–1889. [Google Scholar] [CrossRef]

	



Zheng, J.; Hu, M.J.; Guo, Y.P. Regulation of photosynthesis by light quality and its mechanism in plants. Ying Yong Sheng Tai Xue Bao 2008, 19, 1619–1624. [Google Scholar]

	



Hogewoning, S.W.; Trouwborst, G.; Maljaars, H.; Poorter, H.; Van Leperen, W.; Harbinson, J. Blue light dose-responses of leaf photosynthesis, morphology, and chemical composition of Cucumis sativus grown under different combinations of red and blue light. J. Exp. Bot. 2010, 61, 3107–3117. [Google Scholar] [CrossRef] [PubMed]

	



Strid, A.; Chow, W.S.; Anderson, J.M. UV-B damage and protection at the molecular level in plants. Photosynth. Res. 1994, 39, 475–489. [Google Scholar] [CrossRef]

	



Bernardoni, P.; Vincenzi, D.; Mangherini, G.; Boschetti, M.; Andreoli, A.; Gjestila, M.; Samà, C.; Gila, L.; Palmery, S.; Tonezzer, M.; et al. Improved Healthy Growth of Basil Seedlings under LSC Filtered Illumination. In Proceedings of the 37th European Photovoltaic Solar Energy Conference and Exhibition, Lisbon, Portugal, 7–11 September 2020. [Google Scholar]

	



Strong, A.B. Plastics: Materials and Processing, 3rd ed.; Pearson Prentice Hall: Upper Saddle River, NJ, USA, 2006; p. 874. [Google Scholar]

	



Polymeric Composition Comprising a Fluorescent dye, Its Process of Preparation, Use and Object Comprising It, WO201821130. Available online: https://www.freepatentsonline.com/y2020/0172799.html (accessed on 18 January 2021).

	



U.S. Environmental Protection Agency (EPA). Method 3052: Microwave assisted acid digestion of siliceous and organically based matrices. In Test Methods for Evaluating Solid Waste: Physical/Chemical Methods (SW-846); EPA: Washington, DC, USA, 1995; pp. 3052-1–3052-20. [Google Scholar]

	



Chidburee, A.; Bundittaya, W.; Suwanthad, C.; Ohtake, N.; Sueyoshi, K.; Ohyama, T.; Ruamrungsri, S. Effects of Red Light on Growth, Photosynthesis and Food Reserves in Curcuma alismatifolia Gagnep. Thai J. Agric. Sci. 2007, 40, 57–63. [Google Scholar]

	



Kim, S.J.; Hahn, E.J.; Heo, J.W.; Paek, K.Y. Effects of LEDs on net photosynthetic rate, growth and leaf stomata of Chrysanthemum plantlets in vitro. Sci. Hortic. 2004, 101, 143–151. [Google Scholar] [CrossRef]

	



Schoefs, B. Chlorophyll and carotenoid analysis in food products. Properties of the pigments and methods of analysis. Trends Food Sci.Technol. 2002, 13, 361–371. [Google Scholar] [CrossRef]

	



Jarrell, W.M.; Beverly, R.B. The dilution effect in plant nutrition studies. Adv. Agron. 1981, 34, 197–224. [Google Scholar]

	



Meyers, D.E.R.; Auchterlonie, G.J.; Webb, R.I.; Wood, B. Uptake and localisation of lead in the root system of Brassica juncea. Environ. Pollut. 2008, 153, 323–332. [Google Scholar] [CrossRef] [PubMed]

	



Mellem, J.; Baijanth, H.; Odhav, B. Translocation and accumulation of Cr, Hg, As, Pb, Cu and Ni by Amaranthus dubius (Amaranthaceae) from contaminated sites. J. Environ. Sci. Health 2009, 44, 568–575. [Google Scholar] [CrossRef]

	



Wenzel, W.W.; Unterbrunner, R.; Sommer, P.; Pasqualina, S. Chelate-assisted phytoextraction using canola (Brassica napus L.) in outdoors pot and lysimeter experiments. Plant Soil 2003, 249, 83–96. [Google Scholar] [CrossRef]

	



Chiu, K.K.; Ye, Z.H.; Wong, M.H. Enhanced uptake of As, Zn, and Cu by Vetiveria zizanioides and Zea mays using chelating agents. Chemosphere 2005, 60, 1365–1375. [Google Scholar] [CrossRef]

	



Tao, Y.; Zhang, S.; Jian, W.; Yuan, C.; Shan, X.Q. Effects of Oxalate and Phosphate on the Release of Arsenic from Contaminated Soils and Arsenic Accumulation in Wheat. Chemosphere 2006, 65, 1281–1287. [Google Scholar] [CrossRef]

	



Metsärinne, S.; Tuhkanen, T.; Aksela, R. Photodegradation of ethylenediaminetetraacetic acid (EDTA) and ethylenediamine disuccinic acid (EDDS) within natural UV radiation range. Chemosphere 2001, 45, 949–955. [Google Scholar] [CrossRef]








[image: Applsci 11 01923 g001 550] 





Figure 1. Diagram of incident photons and photons emitted by a dye molecule inside the Luminescent Solar Concentrator (LSC). 
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Figure 2. Absorption spectrum for chlorophylls and carotenoids (based on data from [37]). 
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Figure 3. Absorption (red curve) and photoluminescent emission (blue curve) spectra of Lumogen F305. 
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Figure 4. Picture of the experiments inside the greenhouse. 
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Figure 5. Picture of outdoor experiments. The boxes are made of transparent polycarbonate and red LSC panels. Note: pots filled with white stones at the base of the box structures have the only function of anchoring the panels to avoid possible adverse effects in the event of a mighty wind. 
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Figure 6. Fresh biomass yield (g) for aerial part and roots. Values are reported as mean ± standard deviation. 
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Figure 7. The yield of the biomass (g) of the five microcosms for each species. Data refer to the fresh weight of shoots and roots. Values are reported as mean ± standard deviation. 
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Figure 8. Total accumulation of As and Pb in the aerial part of plants grown under and outside the red panel. Values are reported as mean ± standard deviation. 
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Figure 9. Fresh biomass production of shoots and roots. LSC the plants grown under the red panels and T the plants that have been treated with Ethylene Diamine Tetraacetic Acid (EDTA). Values are reported as mean ± standard deviation. 
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Figure 10. A picture of plants grown under the two different boxes, (a) L. albus, (b) H. annuus, and (c) B. juncea. On the left of the beholder, the plants grown under the LSC box. 
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Figure 11. Total accumulation (μg) of Pb and As in the aerial part of the plants. Values are reported as mean ± standard deviation. 
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Table 1. Physical–chemical properties of As and Pb contaminated soil. Values represent the mean (n = 3) ± standard deviation.
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	pH (H2O)
	8.20 ± 0.1



	CEC (Cmol+ kg−1)
	17.5 ± 0.3



	Sand (%)
	73.6 ± 0.3



	Silt (%)
	18.0 ± 0.2



	Clay (%)
	8.46 ± 0.2



	Textural class (USDA)
	Sandy Loam



	Inorganic C (g kg−1)
	15.8 ± 1.00



	Organic C (g kg−1)
	4.80 ± 0.20



	Total N (g kg−1)
	0.30 ± 0.03



	Available P (mg kg−1)
	7.60 ± 0.4



	As (mg kg−1)
	878 ± 93.2



	Pb (mg kg−1)
	572 ± 61.4
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Table 2. Photosynthetically Active Radiation (PAR) attenuation and distribution (%) of transmitted radiation at different wavelengths through PolyMethylMethAcrylate (PMMA) ShieldUp® doped with 160 ppm of Lumogen F305 luminescent dye.
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	PAR Attenuation %

(400–700 nm)
	UV %

(300–400 nm)
	Blue %

(400–510 nm)
	Green %

(510–610 nm)
	Red %

(610–720 nm)
	Far-Red %

(720–800 nm)





	−70.5
	0.6
	7.8
	1.8
	55.0
	34.7
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Table 3. Dry weight (mg) of the biomass of the aerial part and of the roots of plants. Values are reported as mean ± standard deviation (SD).
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Aerial Part

	
Roots




	

	
Mean

	
SD

	
Diff. %

	
Mean

	
SD

	
Diff. %






	
B

	
608

	
61.7

	
---

	
96.3

	
63.0

	
---




	
B LSC

	
761

	
77.3

	
+25.12

	
100

	
59.7

	
+4.34




	
H

	
399

	
47.1

	
---

	
81.8

	
31.6

	
---




	
H LSC

	
506

	
66.0

	
+27.05

	
104

	
26.5

	
+26.7




	
L

	
750

	
54.2

	
---

	
158

	
25.1

	
---




	
L LSC

	
961

	
96.5

	
+28.17

	
166

	
31.9

	
+5.61








Note: Diff% is the increased percentage of the mean values of biomass grown under the LSC panel compared to the plants grown outside the panel.
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Table 4. Concentration values (mg kg−1) of As absorbed by the plants. Values are reported as mean ± standard deviation (SD).
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Aerial Part

	
Roots




	

	
Mean

	
SD

	
Mean

	
SD






	
B

	
93.8

	
25.9

	
1668

	
208




	
B LSC

	
96.9

	
31.0

	
1716

	
344




	
H

	
64.5

	
7.2

	
1306

	
335




	
H LSC

	
64.8

	
15.0

	
1183

	
320




	
L

	
70.5

	
25.2

	
377

	
50.2




	
L LSC

	
78.6

	
41.0

	
439

	
92.0
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Table 5. Concentration values (mg kg−1) of Pb absorbed by the plants. Values are reported as mean ± standard deviation (SD).
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Aerial Part

	
Roots




	

	
Mean

	
SD

	
Mean

	
SD






	
B

	
8.50

	
1.50

	
134

	
40.1




	
B LSC

	
10.0

	
1.25

	
112

	
34.2




	
H

	
6.32

	
1.06

	
109

	
40.5




	
H LSC

	
5.58

	
1.02

	
96.1

	
32.1




	
L

	
3.56

	
0.27

	
77.5

	
15.7




	
L LSC

	
3.50

	
0.25

	
98.1

	
38.8
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Table 6. Dry weight (mg) of the biomass of the aerial part and of the roots of plants. Values are reported as mean ± standard deviation (SD).






Table 6. Dry weight (mg) of the biomass of the aerial part and of the roots of plants. Values are reported as mean ± standard deviation (SD).





	

	
Aerial Part

	

	

	
Roots

	

	




	

	
Mean

	
SD

	
Diff. %

	
Mean

	
SD

	
Diff. %






	
B

	
749

	
65.1

	
---

	
197

	
82.7

	
---




	
B LSC

	
877

	
71.0

	
+17.1

	
230

	
73.0

	
+16.6




	
B T

	
712

	
69.8

	
---

	
242

	
74.1

	
---




	
B LSC T

	
959

	
96.9

	
+34.7

	
261

	
80.7

	
+8.0




	
H

	
489

	
97.3

	
---

	
224

	
26.7

	
---




	
H LSC

	
615

	
141

	
+25.8

	
228

	
38.2

	
+1.8




	
H T

	
484

	
97.2

	
---

	
239

	
29.4

	
---




	
H LSC T

	
560

	
117.0

	
+15.7

	
220

	
28.8

	
−8.1




	
L

	
1051

	
58.6

	
---

	
309

	
12.2

	
---




	
L LSC

	
1310

	
212

	
+24.7

	
308

	
83.0

	
−0.5




	
L T

	
1120

	
82.9

	
---

	
296

	
19.3

	
---




	
L LSC T

	
1220

	
117.1

	
+8.9

	
432

	
63.5

	
+45.9








Note: Diff% is the increased percentage of the mean values of biomass grown under the LSC panel compared to the plants grown outside the panel.
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Table 7. Mean concentration values (mg kg−1) of As and Pb absorbed by the plants. Values are reported as mean ± standard deviation (SD).






Table 7. Mean concentration values (mg kg−1) of As and Pb absorbed by the plants. Values are reported as mean ± standard deviation (SD).





	

	
Aerial Part

	
Roots




	

	
As

	
Pb

	
As

	
Pb




	

	
Mean

	
SD

	
Diff. %

	
Mean

	
SD

	
Diff. %

	
Mean

	
SD

	
Diff. %

	
Mean

	
SD

	
Diff. %






	
B

	
42.2

	
1.6

	
---

	
4.7

	
0.4

	
---

	
2181

	
82.1

	
---

	
178

	
9.6

	
---




	
B LSC

	
45.2

	
4.2

	
+7.2

	
4.3

	
0.5

	
−7.8

	
2238

	
79.3

	
+2.6

	
232

	
8.4

	
+30.3




	
B T

	
40.2

	
2.6

	
---

	
21.1

	
2.1

	
---

	
2376

	
86.8

	
---

	
189

	
8.5

	
---




	
B LSC T

	
43.5

	
3.0

	
+8.2

	
18.7

	
2.0

	
−11.4

	
2401

	
83.3

	
+1.1

	
305

	
13.1

	
+61.4




	
H

	
62.3

	
3.8

	
---

	
3.5

	
0.5

	
---

	
1368

	
44.7

	
---

	
289

	
12.1

	
---




	
H LSC

	
69.0

	
2.6

	
+10.8

	
3.3

	
0.3

	
−6.7

	
1198

	
50.3

	
−12.4

	
355

	
13.2

	
+22.9




	
H T

	
71.3

	
3.5

	
---

	
15.1

	
1.8

	
---

	
1412

	
52.7

	
---

	
308

	
12.2

	
---




	
H LSC T

	
65.2

	
3.1

	
−8.6

	
19.5

	
2.2

	
+29.1

	
1430

	
56.0

	
+1.3

	
383

	
14.4

	
+24.4




	
L

	
27.1

	
2.8

	
---

	
2.2

	
0.3

	
---

	
199

	
11.5

	
---

	
152

	
9.5

	
---




	
L LSC

	
26.8

	
1.0

	
−1.2

	
2.0

	
0.2

	
−7.6

	
227

	
10.2

	
+14.1

	
154

	
10.2

	
+1.3




	
L T

	
32.1

	
2.3

	
---

	
21.2

	
2.5

	
---

	
232

	
11.9

	
---

	
132

	
8.5

	
---




	
L LSC T

	
31.7

	
2.1

	
−1.3

	
20.9

	
2.3

	
−1.4

	
241

	
11.8

	
+3.9

	
177

	
12.0

	
+34.1
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