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LIGHT ASSISTED PHYTOEXTRACTION OF LANDFILL
LEACHATE: AN EFFECTIVE TOOL TO ATTENUATE
POLLUTANTS IN LANDFILL LEACHATE

Abstract: In the presented experiment, we tested the infe@i irrigation with different proportions of |dzate
collected from the leachate sump of municipal selaste landfill in combination with LED light ondhcapacity
of model plant to remove some heavy metals (HMs) @, Cd, Ni and Hg) from the soil and to storenthin the
biomass of model plar@inapis alba L. There were six variants irrigated either witlstdied water (control) or
with a combination of distilled water and leachg@ %, 50 %, 75 %, 90 %, 100 %). The variants vdivaled
into two groups: A (LED) and B (no LED) and congaatibns of HMs and their interdependence (concéatraf
HM in the soil and in the plant) were monitored thre soil/plant samples. The measured values of HMs
concentration in the soil and plant samples didshatw a positive influence of LED light on the pbetraction
of HMs. A significantly increased (p 0.05) sorption of HM by the model plant was dentiaied only in Cd and
Hg where the difference between Group A and GrowpaB approximately 10 mg Kg Furthermore, enrichment
coefficient,EC, was established for the respective HMs and expeerial variantsEC values > 1 indicating “high
accumulator plants” were measured for Cd and Haflovariants of Group A. In Group B, EC values xwére
recorded for Cd and Ni only in the control variardad for Hg in all variants with the applicatioh leachate
(20 %— 100 %).
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Introduction

The ever-growing industrial production and traderothe last decade resulted in the
rapidly increasing generation of municipal solidstea(MSW) in many countries [1-3].
Thanks to economic advantages, landfilling remaimenerally accepted and used method
for the final disposal of waste [1, 4-7]. The glbb@nd of landfilling applies not only to
big cities where daily amounts of landfilled wasépresent thousands of megagram, but
also to rural areas where similar waste amounttaarilled every year [8, 9]. Disposal of
MSW in landfills brings a number of environmentaks and causes concern about
a possible harm to human health due to the pofiutibair, soil and groundwater, risk of
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fires and explosions, bad odour or damage to végetfl0-13]. Main problems connected
with landfilling include the generation of poteriyaexplosive gases (waste dump gas) and
leachate (seepage water) [1, 8, 14]. Seepage frastewdumps arouses ever more fears,
particularly for its toxicity if uncontrolled leakg occurs into the environment [1, 8, 15].
Long-term environmentally sustainable managementidfill leachates is a priority for
landfill operators [16, 17].

MSW consists of a wide range of inorganic, natanmadl xenobiotic compounds, the
mixture of which is affected by the composition grallution potential of leachate [16, 18,
19]. Seepage water (leachate) from MSW landfill®isned when chemical and biological
products are released from waste through the deasittgm of putrid and organic fractions.
These fractions come from the municipal waste wiiiah not been sufficiently sorted and
contains for example organic substances that shbeldisposed ideally by composting
rather than by landfilling [1, 18, 19]. It is a v#ts of numerous processes including
microbial degradation [16, 20]. Leachates are amsid one of the most important issues
for landfill operators [17].

Many studies demonstrated leachates to be a sgnifisource of pollutants due to
leaching from the waste of dangerous substances2{t23]. Moreover, leachate
composition is specific for the given locality amdriability within one landfill is often
a case [1, 16, 24]. Landfill leachate may contaangé amounts of organic matter
(biodegradable, and refractory to biodegradati@s),well as ammonia-nitrogen, heavy
metals (HM), chlorinated organic and inorganic s§#2]. Lead, cadmium, mercury, and
chromium can simultaneously prevail in the enviremtnas a result of various human
activities. Landfill leachate is certainly one d¢fetmain anthropogenic sources for these
HMs. Besides, HMs are widely known to be non-esakalements for plants, and they can
cause adverse effects on the plant's photosynttsstitem, chlorophyll synthesis, and
antioxidant enzyme production, resulting in variésns of damage to the plants [17].

Conventional methods used for leachate treatmeamtbeaclassified into three major
groups: (a) leachate transfer: recycling and coetbitreatment with domestic sewage,
(b) biodegradation: aerobic and anaerobic processebs (c) chemical and physical
methods: chemical oxidation, adsorption, chemigakipitation, coagulation/flocculation,
sedimentation/flotation and air stripping [25-28].

In the most developed countries, legislative rezmaignts for waste water treatment are
becoming stricter. However, due to the ageing o$tevalumps with ever more stabilised
leachates, the conventional methods of treatmeaolkogfical or physical and chemical) are
not enough to achieve the level of treatment thatildy be needed to reduce the general
impact of landfill leachates on the environmentmi¢ans that new, alternative methods
have to be designed and can be considered necassangrove the environment. One of
them is phytoextraction which represents one oftgieynediation techniques [28, 29].
These methods should be tested in the laborataryysimetric and field experiments
[25, 28, 30]. Fundamental reasons for adopting ghecess of phytoextraction and its
further investigation are mentioned by Nevel eff29] and Wang et al. [31]. The authors
claim that it represents a low-cost and environnfigandly technology for the remediation
of heavy metals or soils contaminated with orgamiatters. Nevertheless, according to
Lasat [32] and Soudek et al. [33], the technolaggtires some essential disadvantages that
have to be further explored: 1) limited efficienof phytoextraction caused by the low
production potential of plants realising the prace$ phytoextraction; 2) length of the
phytoextraction process (usually several yearsegades); 3) contaminated sites cannot be
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used for other purposes during the phytoextracdgmollutants have to be localised in the
rhizosphere, i.e. within the reach of root zoneptotoxicity of pollutants and their
concentration in the soil must not exceed the vahst can be tolerated by the plant
realising the phytoextraction.

Phytoextraction appears to be a promising methdfl Bhytoremediation is a process
which utilises live plants to reduce risk on sigth contaminated soils, sludge, sediments
and waters through the elimination, degradatiometention of contaminating substances
[35]. Phytoremediation represents an extensive g@gelkcontaining phytotransformation,
phytostabilisation, rhisofiltration, phytovolatidiSon and phytoextraction [33]. Namely the
phytoextraction (or phytoaccumulation/phytoabsanmpti is an environment-friendly
method the principle of which is removal of contaarits from the soil using absorption
into plant biomass [33]. Application of phytoexttian is a cheaper and more efficient
alternative for the removal and immobilisation d¥1klfrom aqueous solutions [17, 36] and
from the contaminated soil [37] (Fig. 1). AccorditigHe et al. [37], the main advantage of
phytoremediation is low technical cost, easy op@naand convenient promotion, all this
leading to the low cost of the whole process oftptgmediation and its easy realisation.
Phytoremediation covers a wide range of pollutanish as inorganic chemicals including
HMs and metalloids, many organic substances inetugiersistent organic pollutants and
radioactive elements. Phytoremediation has gainechnpopularity over the last 20 years
and has been considered as an acceptable techimgumeany countries due to its
cost-effectiveness compared to traditional prast[88, 39].
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Fig. 1. Processes used in phytoremediation of heaeyal pollutants from the soil according to
Ojuederie et al. [40], modified by Kintl et al. [36

First of all, phytoremediation systems make uséhefpotential of natural or actively
controlled soil-plant system for detoxication, dedation and inactivation of potentially
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toxic elements in leachates. Selection of plantiggeis essential for the long-term success
of phytoremediation (phytomanagement). Suitable mixture of plant species tolerant to
HMs. In this respect, grasses are popular cologigkesoils contaminated with HMs, which
can become established and develop an extensivesystem thanks to their capability to
overcome growth restriction under extreme ecoldgiteracteristics of such soils [36,
40-42]. According to OECD [43], plants commonly dder phytoextraction arkactuca
sativa (L.), Lepidium sativum (L.), Raphanus sativus (L.), Brassica napus (L.), Brassica
rapa (L.), Trifolium pratense (L.), Vicia sativa (L.), Avena sativa (L.), Oryza sativa (L.),
Lolium perenne (L.), Sorghum bicolor (L.) andTriticum aestivum (L.) andSinapis alba.

Previous studies indicated that light of propereisity, spectral quality, and
photoperiod can stimulate the growth and increhseefficiency of the absorption of soil
nutrients by plants [43-45]. Accumulation of metaigplant organs is contradictory during
the phytoextraction process. Higher concentratafmaetals in plants facilitate the removal
of a greater mass of pollutants from the soil [48pwever, the accumulation of metals
often leads to the overproduction of reactive oxygpecies (ROS) in various plant tissues,
decreases the biomass yield of the species, amskguéntly reduces phytoremediation
efficiency [47, 48]. Light irradiation has been &pg to activate antioxidant systems in
plants in order to scavenge ROS overproductiondediby external stresses in agricultural
products. Ma et al. [48] suggested that the a@wibf superoxide dismutase (SOD) and
ascorbate peroxidase (APX) lmalus domestica exposed to a greater amount of light were
significantly greater than those in the controljekhsubsequently decreased the production
induced by drought stress; Dong et al. [49] foumat the increased activity of peroxidase
(POD) and SOD infriticum aestivum L. treated with red-blue light improved the straw
height and thousand kernel weight of the specieg;la&vine and Pare [50] observed that
light irradiation mitigated the negative effects e total antioxidant capacity @flium
fistulosum L. caused by elevated GO

However, the information about how the light ir@tibn of different quality and
intensity influences metal distribution and antaaion mechanisms of plants during the
phytoextraction processes is largely lacking. Otiee mechanisms by which the light
increases phytoextraction efficiency are determirted light associated phytoextraction
can be widely used in real-scale fields. Ning ef&] confirmed that different light spectra
can positively affect the capability of plants tolsilise some heavy metals. According to
Wang et al. [31], the low efficiency of phytorematitbn processes, or more precisely the
rate of heavy metals being removed from the comtated environment, is one of the main
disadvantages of phytoremediation. Based on thedands, we can assume that if the use
of light diodes (LED) would remove the drawbackyinemediation processes (including
phytoextraction) could be used in real-scale fidlighe sense of special facilities, for
example vegetation halls with aquaponics or a spdorm of root wastewater treatment
plants that would be able to remove heavy metalmfthe contaminated environment
efficiently by the form of phytoremediation.

LED lamps can be used to provide the narrow-bagtt Ispectrum. Compared to
conventional fluorescent lamps, they have severhblamtages such as low energy
consumption, longer service life, low heat generator high conversion efficiency.
Moreover, LEDs can influence the growth of plamd accumulation of contaminants [52].
Fu et al. [53] found a positive correlation betwdaht intensity and plant biomass,
irrespective of nitrogen concentration, after stndythe interaction influences of light and
nitrogen fertiliser on the quality dfactuca sativa L. Improvement of light conditions
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optimum for achieving maximum plant growth was istigated by several researchers [45,
54, 55]; however, no research of using LED for fdhdeachate phytoremediation
(phyto-treatment) has been conducted so far. Toerefthe aims of this study are to
evaluate the feasibility of using different concatibns of landfill leachate as a fertiliser
and, more importantly, the effect of light photdpdron the process of phytoremediation.
Phytoremediation or phytoextraction of contaminatffpllutants) using the plants
represents a low-cost method [56] which is howelaracterised by low efficiency [31].
It is therefore necessary to deal with the feagjbodf phytoremediation in the practical
decontamination of sites contaminated with heavialae

According to Wang et al. [31], Santa-Cruz et ab][&nd Kwon et al. [57], essential
influence on the process of phytoextraction of Higddlutants (its feasibility) and resulting
effectiveness is that of 1) plants used for phyt@@éiation thanks to their growth potential
in the contaminated environment and fixation ofividlial heavy metals; 2) the share of
biologically available heavy metals; 3) the infleenof abiotic factors affecting the plant
growth - exposure to light, temperature and préafioin. Based on this information, it is
obvious that feasibility of phytoremediation candféected especially in points 1) and 2),
i.e. by selecting plants suitable for the procdgshgtoremediation and by stimulating their
growth, e.g. by additional LED light, complementamygation and the like. Although the
research of LED light-irradiated plants is limitetl,is safe to hypothesise that light
irradiation can change HM distribution and anti@atidn mechanisms of plants as well as
the pollutant accumulation by stimulating the growf plants. It follows that the simulated
growth of plants together with their capability deposit pollutants in their biomass is
essential for the increased feasibility of phytoediation [58].

Kwon et al. [57] observed that red LED light impeal the ability ofChlorella
vulgaris to extract metals at significantly high levels byreasing its Cu and Zn
concentrations. Therefore, there is a reasonalsiengstion that the LED photoperiod can
also influence the phytoextraction and phytoremegtigprocess efficiency of higher plants.

Therefore, main objectives of this study are tdfyeghe effects of LED irradiation on
(1) the potential of phytoextraction of selecteéa@ps, and (2) HM concentration changes
in the soil and plant samples irrigated with lahdgachate at different rates. Two
hypotheses were tested:qftdnd an alternative

Ho: Increased light intensity does not have any atilte on the sorption of heavy
metals by the model plant and on the reduced caorateam of heavy metals in the soil.

Hi: Increased light intensity applied in selectediavats beyond the natural daylight
leads to increased sorption of heavy metals byntbdel plant and hence to the reduced
concentration of heavy metals in the soil.

Materials and methods

Collection and analysis of samples

In 2018, a mixed sample of leachates (12 litres} wallected from the Kuchynky
controlled MSW landfill (category S-OO - Other wastsub-category SOO-3 Low
proportion of biodegradable waste). HM concentregiin the collected seepage water are
presented in Table 1. The landfill of this clagsifion receives more than 10 tonnes of
waste per day or its total capacity is over 25,008gagrams of waste. The landfill is
situated near Zdounky, cadastral area of Netcicethé Zlin Region, Czech Republic
(CZE). The sample of leachates consisted of a maxaf more samples collected from
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different places and different depths of leachatas on the same date. The samples were
collected into sterile receptacles, then mixed, #ra resulting sample of leachates was
placed into a cooling box and brought to accreditdzbratory for analysis. The mixed
leachate sample was analysed for the concentrafibeavy metals (HMs) As, Cr, Cd, Ni
and Hg. Concentrations of As, Cr, Cd and Ni weremheined according to CSN EN I1SO
11885 [59] and the concentration of Hg was deteeshiaccording to CSN 75 7440 [60].
The presence of HM in the leachate was establishgg L. The analysis was performed
in the accredited laboratory LITOLAB Ltd. (LitovelCZE), accreditation no. 1255,
accredited by the Czech Accreditation Institutecading to ISO/IEC 17025:2005.

Table 1
Average concentrations of HMs in seepage wateecit from the Kuchynky MSW landfill for laboratory
experiment irrigation

Measured value o
Heavy metals [ug L RSD [%]
Cd 0.183 3
As 29.73 -
Cr 812.4 50
Ni 153.7 20
Hg 1.32 1

Average valuesn(= 3) of HM concentration in the leachate are presd RSD is the value of Relative Standard
Deviation that was calculated: 1008D(mean)

Research of light influence in laboratory conditiors

The sampled leachates were used in the pot expatrfimewatering seeds of the tested
plant which was white mustar@ifiapisalba L.). The plant is highly sensitive to changes in
environmental conditions to which it reacts by leatrosis or by slowing or stopping its
growth. This model plant was chosen thanks to lifitity of responding even to relative
changes in the concentration of HMs in the soilviiemment) as described in OECD [43],
Hernandez et al. [44], Sourkova et al. [61] andiMast al. [62]. The pot experiment lasted
28 days. Its scheme and course are shown in Figuteaboratory conditions: ambient
temperature (23 £5) °C, relative humidity (50 £2) %

The pots were filled with 300 g of test substrateiolr consisted of OECD soil
mixture, garden substrate and silica sand, wittamided artificial fertilisers (hereinafter
only substrate), allowing natural germination oéd® and growth of plants in accordance
with the European national norm in a ratio of 1 : 1. OECD soil composition: 5 % of
dried peat sifted and homogenised through a 2 newesi85 % of dried silica sand with
a min. 50 % proportion of grains sized 0.05 mm2-1®&m, 10 % of dried kaolin clay with
a min. 30 % kaolinite content, and 0.3 % - 1% dtican carbonate for pH treatment to
6.0 £0.5. One hundred &napis alba L. seeds were evenly spread on the surface of each
container. The seeds were then covered with al#lyier of silica sand to prevent water
evaporation. The plant biomass was cultivated unsiable laboratory conditions
(temperature (23 £5) °C, relative air humidity (B®) %). Leachates were applied onto the
substrate three times a week for 28 days in diffepeoportions (20 %, 50 %, 75 %, 90 %
and 100 %). Individual variants were prepared bytitig the collected (mixed) sample of
leachates in the following ratios: 1 : 4 (var. 20,% : 1 (var. 50 %), 3 : 1 (var. 75 %),
9 :1 (var. 90 %) and an undiluted sample, i.égation with concentrated leachates.
The irrigation of experimental containers (eithistiled water or a mixture of leachate and
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distilled water in determined ratio) was perforna@dording to model plant development as

follows:

* Day 1 of the experiment 10 mL

« Day 2 -7 of the experiment 40 mL

e Day 8 - 14 of the experiment 120 mL

e Day 15 - 21 of the experiment 150 mL

e Day 22 - 28 of the experiment 150 mL

e Total irrigation applied for one variant for thetiem duration of the experiment was
> 470 mL

A
Leachate pb’ﬁt’f&

Sw

® Sampling points
M Leachate pond

without LED photoperiod LED photoperiod

Fig. 2. Scheme of experiment

The substrate that was not irrigated with leachatewith distilled water represented
a standard and served as reference. The test vadlstiates performed in three repetitions.
Designation of variants based on the applied l|daclmoportions was as follows:
0 (contral), 25, 50, 75, 90 and 100. Samples exptse¢he LED photoperiod and samples
without the LED photoperiod are marked with A andr8spectively. Thus, two groups of
variants were created: A - LED; B - daylight onho(LED).

In order to find the effect of LED photoperiods the efficiency of phytoextraction
abilities of higher plantsqnapis alba L.) using different concentrations of leachatés, t
tested containers (i.e. ¥ of them) were exposethé¢ol6 hour cycle (from 6:00 am to
10:00 pm) of controlled LED illumination (Philipsutivation system with the function of
timer and brightness of 850 Im; light radiationgart00 nm - 660 nm, angle of exposure to
light 120°; Fig. S1). The remaining containers wexposed only to daylight. After the end
of the experiment period, soil and biomass werepsaanfrom the containers (soil sample =
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soil mixture formed by mixing samples of soilsllahd Il for the particular concentration;
biomass sample = biomass mixture formed by mixiages of biomass |, Il and Il for
the particular concentration) and the samples weadysed.

Analysis of soil and plant biomass samples

The soil and plant biomass samples were analysetheénaccredited laboratory
LITOLAB Ltd. (Litovel, Czech Republic), accreditati no. 1255, accredited according to
ISO/IEC 17025:2005 by the Czech Accreditation tosti. An overview of used analytical
methods is presented in Table 2. Two main methoee wsed: CSN 75 7440 (Water
quality - Determination of total mercury by thern@d¢composition, amalgamation and
atomic absorption spectrometry [60]) and CSN EN 13@885 (Water quality -
Determination of selected elements by inductivebupted plasma optical emission
spectrometry ICP-OES [59]). These methods can lexl uot only for water quality
monitoring but also for sediments, sludge, plamt soil matrices [63].

Table 2

Methods used to determine the concentrations of HMse soil and plant biomass samples
Parameter Material Method

As Plant/Soil CSN EN ISO 11885 [59]

Cr Plant/Soil CSN EN ISO 11885 [59]

Cd Plant/Soil CSN EN ISO 11885 [59]

Ni Plant/Soil CSN EN ISO 11885 [59]

Hg Plant/Soil CSN 75 7440 [60]

CSN - Czech Technical Standards, EN - Europeard8tdnlSO - International Organisation for Stan@sation

Enrichment coefficient for the plant/soil system

Enrichment coefficientEC, was calculated to assess the accumulation of Fiis
the soils to plants, and it is described as theviohg formula [64, 65]:

M
A;lant (1)

soil
where EC is the enrichment coefficient for the plant/sgisem, [-]; Myar is the metal
concentration in the plant tissue, [mg Hgin dry matter; My, is the total metal
concentration in the soil where the plant is grofamy kg™, in dry matter.

Malayeri et al. [66] grouped the plant species &atiog to their HM uptake capacities

and sensitivity to pollution by metals (Table 3).

EC =

Table 3
Classification ofEC according to Malayeri et al. [66]
The ability of plants to accumulate heavy metal$ EC[-]
High accumulator plants between 1-10
Moderately accumulator plants between 0.1-1.0
Low accumulator plants between 0.01-0.1
Non accumulator plants <0.01

Statistical data processing

The measurements were processed in the statigffogramme Statistica 12 (Dell
software, Round Rock, USA) using the following asal: (a) input data analysis -
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determination of the homogeneity of measured vaiubge aim was to determine extreme
values possibly occurring in the measured paramefesr the purpose, exploratory data
analysis (EDA) was used, which included diagnodiigrams and a comparison of the
distribution of measured values; (b) one factor d@mw-factor analysis of variance
(ANOVA) of the measured sets of values - these odthwere used to determine the
influence of individual factors on the measuredueal (c) post-hoc Tukey's Honest
Significant Difference (HSD) to determine signifitadifferences in the measured values
among the individual variants; (d) paitest to identify differences between the groups of
data (photoperiod with LED and without LED). All a&gyses were performed
at a significance level ef < 0.05.

Results

Analysis of leachates

The collected leachates were analysed for the pcesef HMs in the accredited
laboratory (LITOLAB Ltd., Litovel, Czech RepubliciResults for individual HMs (Cd, As,
Cr, Ni and Hg) are presented in Table 1. The highedues were recorded in Cr
(812.4 pg Y and Ni (153.7 ug ). Concentrations of the other HMs in leachatesmdit]
exceed 100 pgtand the concentration of Hg approached the lifnitstectability.

HM concentrations in the soil and plant biomass sapies

The aim of the experiment was to monitor the cotregion of some HMs (As, Cr, Cd,
Ni, Hg) in the soil in which the model plarfiifapis alba L.) was grown. The LED light
variant (Table 4) did not exhibit any significarnfference in the concentrations of As, Cd
and Hg; more precisely, the concentration of letetia irrigation did not affect the
concentration of these HMs in the soil samples.a&dger, Cd and Hg exhibited the lowest
concentrations (< 0.2 mg Ky in this experimental group. On the other hane, tiflghest
concentrations were recorded in Cr (> 2.9 mg)kgvhich was a significant difference
(o < 0.05) as compared with the other variants.

In case of the second experiment group (Table 4¢ghwivas not exposed to another
source of light but to daylight only, the structwfemeasured values was similar in As, Cd
and Hg. The concentrations of As and Cd did notxshoy significant differences among
the individual experimental variants. The conceitraof As exceeded 1.9 mg ®gn all
variants and conversely, the concentration of Cthénsoil did not exceed 0.09 mgkin
any variant. The concentration of Hg exhibited ar-s@nificant difference among the
variants “0; 20 and 90“. On the other hand, in cabéhe other experimental variants
(50; 75 and 100), a small but significant decreaseconcentration occurred below
0.014 mg kg as compared with the control variant. The higlté¥ét concentrations were
recorded in Ni (variant 50 and variant 75), whdre values exceeded 13 mg kgOther
significant differences were found in the conceidra of Cr which was demonstrably
increasing in the soil samples from variant “0” wgpvariant “50” where the highest Cr
concentration was recorded (5.05 mg*kgThe following variants (75, 90, 100) then
showed a demonstrable decline.

We also monitored HM concentration in the abovesgtbbiomass of the model plant
(Snapis alba L.) both in the experiment group with addition&D lighting (Table 5) and
with no LED (Table 5). Average concentrations oAhemetals in Group A greatly varied.
The highest concentrations of HMs in the plant emwere those of Cr and Ni. In these
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two HMs, the recorded values ranged around 1.0kggin case of Ni and above this
limit in case of Cr. The concentration of Cr in tpéant biomass was demonstrably
increasing from the control variant (1.11 mg¥do (1.73 mg k@) in the variant in which
irrigation was applied with 75% of leachates. Thewing proportion of leachates resulted
in the decreased concentration of Cr at first, @éimeh a mild increase followed to
1.65 mg kg~ The absolutely highest concentrations of all HAdsoss the variants were
those of Cr in variants “50” (1.68 mg ¥y 75 (1.73 mg kg) and 100 (1.65 mg k9.
The concentration of Ni in the plant biomass was swvariable; however, it copied the
trend with the concentration of 1.00 mgkin the control variant and the demonstrably
highest value of 1.09 mg Kgin variant “75”. Then a decline was recorded ®10mg kg*

in the variant with the absolute concentrationeafthate in irrigation.

Table 4
Average HM concentration in the soil samples ofvitial experiment variants A - LED; B - no LED
Variant A
As £SD Cr+SD Cd £SD Ni +SD Hg +SD
Treament | imokgd | [mgkgl | [mgkg] | Imgkgll | [mgkg’)
0 1.97 +0.08 a 4.14 +0.17 abl 0.099 +0.004 a 0.99 +0.04 d 0.019 +0.001 a
20 2.05 +0.07 a 4.87 +0.20 a| 0.103 +0.004 a 6.88 +0.29 4| 0.015 +0.001 a
50 1.97+0.15a 2.94 +0.12 ¢| 0.106 +0.007 a 1.06 +0.04 d 0.016 +0.001 a
75 2.01+0.13 a 3.29+0.14 c¢| 0.103 +0.009 a 1.43 +0.06 d 0.014 +0.001 a
90 1.91+0.15a 3.33+0.14 ¢| 0.103 +0.009 a 2.09 +0.09 bg 0.016 +0.001 a
100 2.09+0.12 a 3.52+0.15b| 0.103 +0.009 a 1.48 +0.06 ¢ 0.017 +0.001 a
Variant B
Treatment As +SD Cr+SD Cd +SD Ni +SD Hg +SD
[mg kg™ [mg kg™ [mg kg™ [mg kg™ [mg kg™
0 1.97 +0.08 a 3.00+0.12 b| 0.099 +0.004 a 1.07 +0.04 c 0.016 +0.001 a
20 1.95+0.05 a 2.84+0.12 b 0.099 +0.004 a 4.3186 0.014 +0.001 §
50 2.03+0.08 a 5.05 +0.21 4| 0.099 +0.004a 13244 | 0.013 £0.001 b
75 1.99 +0.04 a 2.75+0.11b 0.099 £+0.004 a  13@%za | 0.012 +0.001 b
90 2.05 +0.04 a 2.82+0.12 b| 0.099 +0.004 a 1.96 +0.08 ¢ 0.014 +0.001 a
100 1.98+0.11a 2.87+0.15b 0.099 +0.004 a 682D 0.012 +0.001 b

Different lower-case letters indicate significanffatences in the concentration of specific HMsvimn the
individual variants either in Group A or in Group 8ymbol” indicates significant differencea & 0.05) in the
concentration of particular HM among all HMs in tjigen variant

The other HMs exhibited a similar trend, for exaenpk or Hg, but differences among
the individual variants were small, which was tlase of Cd whose concentrations in the
plant biomass ranged from 0.20 mg~kdgo 0.34 mg kg. On the contrary, the As
concentrations ranged from 0.30 mgk{control variant) to 1.02 mg Ky (variant with
20 % of leachates in irrigation). The Hg conceirashowed relatively small differences;
the highest value (0.15 mg Ry was recorded in variant “75” and the lowest value
(0.07 mg k@) was found in the variant with the highest concaian of leachates.

In absence of additional LED lighting (Table 5) thighest concentrations were found
in Cr and Ni again and ranged above 1.3 mg kgith the exception of control variant for
Cr) while only partial differences were found withhe individual variants with different
leachate concentrations in irrigation. The conain of Cr in the plant biomass was
gradually increasingR < 0.05) with the share of leachates in irrigatigater up to 50 %
where a decline occurred. A similar trerfél € 0.05) was recorded in Ni, too. However,
a declined concentration of this HM in the plararbass to ca. 1.6 mg Kmpccurred only
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from the concentration of 75 % of leachates irgation water. The remaining HMs (As,
Cd and Hg) showed a similar trend € 0.05); their slightly increasing concentratians
the plant biomass were recorded from variant “Ot then the trend stopped and their
decline started with the increasing proportioneafdhates (from the concentration of 75 %)

in irrigation water.

Table 5
Average concentrations of HMs in the plant biomrssaples
from individual experiment variants A - LED; B - h&D
Variant A
As +SD Cr+SD Cd £SD Ni +SD Hg +SD
Treatment [mg kg [mg kg [mg kg [mg kg ] [mg kg
0 0.30+0.01c 1.11 +0.05 cq 0.27 +0.011|b 1.004@b 0.12 #0.005 b
20 1.02 +0.04 a 1.40 +0.06 ¢ 0.31 +0.013 @b 1.0054@b | 0.11 +0.004 b
50 0.41 +0.02 dc 1.68 +0.07 b| 0.25+0.011b 0.88 +0.04 b 0.09 +0.004 ¢d
75 0.75+0.03 b 1.73+0.07 a] 0.21 +0.009 ¢ 1.09 +0.06 a 0.15 +0.006|a
90 0.34+0.01c 1.25+0.05¢c 0.20 +0.008|c 0.994@b 0.12 #+0.005 b
100 0.46 +0.02 ¢ 1.65+0.04 b| 0.341+0.014a 0.91 +0.05 al 0.07 +0.003d
Variant B
Treatment As +SD Cr+SD Cd +SD Ni +SD Hg +SD
[mg kg™] [mg kg™] [mg kg™] [mg kg™ [mg kg™
0 1.13+0.05b 0.93+0.04 c 0.15 +0.006|a 1.3960.0| 0.01+0.001e
20 1.60 +0.07 a 1.69 +0.07 b 0.08 +0.004|b 1.4560. 0.09 +0.003 a
50 1.08 +0.04 cb 2.41 +0.10 & 0.09 +0.004{b 1.998a 0.07 +0.003 b
75 1.00 +0.04 cb 2.30+0.10 a] 0.03+0.001c 1.44 +0.07 b 0.04 £0.002|c
90 0.30+0.01d 2.49+0.09 al 0.04+0.002 c 1.56 +0.06 b 0.02 +0.001|d
100 0.92 +0.04 ¢ 2.12 +0.06 & 0.09 +0.004{b 1.6640 0.05 +0.002 ¢
See Table 4
Table 6
Linear correlation (Pearson’s correlation coeffitig) between HMs concentration
in soil and plant biomass - A: with LED
Variables As PLANT Cr PLANT Cd PLANT Ni PLANT Hg PL ANT
As SOIL 0.28 0.46 0.51 0.59 0.08
Cr SOIL 0.56 -0.34 0.56 0.44 0.12
Cd SOIL 0.13 0.45 0.22 0.48 0.16
Ni SOIL 0.81 -0.12 0.33 0.18 0.00
Hg SOIL -0.51 -0.54 0.26 0.14 0.08

Bold R indicates a significant correlation € 0.05)

In addition to the HM concentrations in the soitlgslant biomass samples, we also
analysed their mutual relationships. Table 6 andléla7 bring information about
relationships between the content of particular Hivithe soil and in the plants. The above
tables present the values of “Pearson’s correlatioefficient R* among the measured
parameters. Bol® indicates a significant correlatien< 0.05 The group of experiment that
was exposed to LED light (Table 6) did not show paogitive correlation between the same
HMs concentration in the soil and in the plant. Egample, th&R value for As in the soll
and As in the plant biomass was only 0.28. In temfissignificance, only partial
dependencies were recorded. The soil concentrafiéts only weakly correlated with Cd
and Ni in the plant biomass. Cr in the soil posiyv correlated with As and Cd
concentrations in the plant samples. The only HMected in the soil that had no
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correlation with the concentration in the plant rhass was Cd. Conversely, the
concentration of Ni exhibited the highd®tvalue R = 0.81) towards the content of As in
the plant biomass.

Apart from the relationships of HMs in the soil amdthe plant biomass, we also
analysed mutual dependencies of all parametersndpltete correlation matrix is presented
in Supplementary materials to Table S1 for the greith the additional light and in Table
S2 for the group without the additional light. Teencentrations of individual HMs in the
soil exhibited only strong positive correlatiori® ¥ 0.75): As vs Cd, and Cr vs Ni. There
was no demonstrable negative correlation. As toctildent of HMs in the plant biomass,
only a moderately strong negative correlatién=-0.6) was found between Cd and Hg,
and a very strong positive correlatidd# 0.78) between Hg and Ni.

Table 7
Linear correlation (Pearson’s correlation coeffici®) between HMs content
in soil and plant biomass - B: no LED

Variables As PLANT Cr PLANT Cd PLANT Ni PLANT Hg PL ANT

As SOIL —0.02 0.35 0.03 0.54 0.08

Cr SOIL 0.13 0.31 0.22 0.87 0.41

Cd SOIL 0.15 0.21 0.12 0.42 0.10

Ni SOIL 0.15 0.57 -0.41 0.49 0.34

Hg SOIL 0.17 —0.54 0.63 —0.10 —0.20

See Table 6

Correlation between HM contents in the soil andhe plant biomass was analysed
also in the group that was not exposed to LED lifhable 7). We found again no
correlation between the concentration of particiivis in the soil and in the plant
biomass. There were only four demonstrably postive one negative correlations. One of
positive correlations was that between the Ni catre¢ion in the biomass of plants and the
contents of As and Cr in the soil. The correlaticas very strongR = 0.87) in case of Cr.
Furthermore, a positive correlation and a negatoreelation were found between Cr in the
plant biomass and NR(= 0.57) and HgR = —0.54) in the soil.

Similarly, as in the group with LED light, mutuabrcelations of all parameters were
analysed also in the group with no LED light (ske torrelation matrix in Table S2).
Provability of correlations among HMs in the soibsvsimilar as in the previous group.
A positive correlation was found in As vs CR € 0.88) and in Cr vs NiR = 0.52).
The trend was similar as in the group with LED tiginly with a lowerR value in case of
Cr vs Ni. Furthermore, a moderately stro®)£ 0.62) negative correlation was found
between the concentration of Hg in the soil andONher dependencies were not detected.

As to the correlations of individual HMs in the ptabiomass, Group B exhibited
diametrically differentR values than the group with LED light. A strong atge
correlation R = —0.79) was found between Cr and Cd. Convergsalygerately strong
positive correlations were recorded in Hg vs Rs=(0.64) and Ni vs CiX = 0.59).

Effect of light intensity on the sorption of HMs by plants and HMs concentrations in
the soil

The effect of different light amount on the sorptiof HMs was studied from the point
of HM concentration in the plant biomass (Fig. 83 an the soil samples (Fig. 4). Average
concentration of HMs in the soil without distinghitsg individual experiment variants in
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terms of irrigation are shown in Figure 2. In GroAp(LED), the highest value was
recorded in Cr (3.68 mg kYj, demonstrably towards the other HMs. The lowadte was
detected in Cd (0.10 mg Ky and Hg (0.017 mg K§. In Group B (no LED), the highest
value was recorded in Ni (6.8 mgKgand the lowest values were found in Cd (0.09 mg
kg™ and Hg (0.013 mg K9, i.e. in the same HMs as in Group A. Comparirgghoups,
we found differences only for Ni and Hg. The cortecation of Ni in Group B was
demonstrably higher than that in Group A. Converséthe concentration of Hg was
demonstrably lower. The average values are comparedable 8 with significant
differences being highlighted.

9.0
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gsot Hcr
B cd
7.0 N
W Hg
5
> 6.0
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<
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I 40
° &
c
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O
2.0
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LED photoperiod (A) Without LED (B)
Factor: Lighting

Fig. 3. Average concentrations of HMs in the soigroups with and without LED photoperiod. Average
concentrations of HMs in the soil are shown for esxpental groups A with LED
(n = 18) and B with no LED photoperiod € 18) +SD after the end of the experiment. Symbol
" indicates a significant difference (p#itest;a < 0.05) in the concentration of individual HMs
between Group A and Group B

The measured values (Fig. 3 and Table 8) showattiditional LED lighting had no
clear influence on the concentration of HMs in Hwdl. This is evident from the values
listed in Table 8, where the results of the pa&st. Above all this assumption was to be
confirmed by two-way ANOVA combined with the mulliiate significance test whose
results are presented in Table S3. One of the itmpbgoals of the laboratory experiment
was to analyse the influence of leachate concémimin irrigation water and additional
light. A graphical representation of the performaathlysis from which it is obvious that
neither factor dominated is shown in Figure 4. Biapiro-Wilk test revealed that the
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supplement of leachates affected the concentrafi¢tMs in the soila-value was smaller
than 0.000000002 and in case of additional LEDtligtvasa < 0.000000020. Therefore, it
follows that the effect of the two factors on thencentration of HMs in the soil was

similar.
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Fig. 4. Comparison of the effect of leachates agbtihg on the concentration of HMs in the sail.
Results of two-way ANOVA are shown as decompositbreffective hypothesis. Vertical lines
represent confidence intervals at a levet 6f0.95
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Table 8

Comparison of average HM concentrations in thessoiiples in dependence on light intensity usingtgast
. Average | Average n n SD SD

variable | " eny o LED)| ¢ @ (LED) |(wio LED)| (LED) | wioLED) | F
ASSOIL| 5001 | 19956 | 01005 09134 18 18| 01848 01103 281
[mg kg™]
[%rgskcé_'li 36819 | 32231| 17441 00902 18 18| 07009 08685 4 15
[fndgskg'l']- 01029 | 00987| 14573 01541 18 18| 00107 00060 3 3.2
[mgsl%ll_] 23203 | 6.8524 | —3.4490| 00015 | 18 18 | 2.1375| 51488 | 58
[ang?gl']- 00171 | 00133| 35764 | 00011 | 18 18 | 00042 00016| 6.6

Significant differences between Group A - LED antb@ B - w/o LED (no LED photoperiod) are in bold
(a < 0.05).a = level of significance at which the significanifference was foundt = test criterion value,

F = ratio of the variances of data sets from Groumnd Group Bn = range of the analysed set of data,
D = standard deviation of these sets
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The concentration of HMs in the plant biomass waalyzed from the point of total
average concentration in the group without the taatdil light (A) and in the group with
the additional light (B). The measured values sh®&ig. 5) that the concentrations of
selected HMs (As, Cr, Cd, Ni, Hg) differed betwdber two groups. Group B exhibited
demonstrably higher concentrations of As (1.01 ngg)k Cr (1.99 mg k@) and Ni
(1.57 mg kg". Concentrations of Hg (0.11 mg Rpgand Cd (0.26 mg kg were
demonstrably higher in Group A. From the stati$tprzint of view, the effect of additional
light was different for the individual HMs. The dysis of average HM concentrations in
the plant biomass is summarized in Table 9 wheiretyi@st results are shown.
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Content of HM in plant biomass [mg/kg]
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. &
0.8
0.4
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0.0 2 o e
LED photoperiod (A) Without LED (B)

Factor Il - lighting

Fig. 5. Average HM concentrations in the plant béesin groups with and without LED photoperiod.
Average values of HM concentrations in the planbntass are presented for individual
experimental groups A with LED (n = 18) and B witth@ED (n = 18) £D after the end of the
experiment. Symbol indicates a significant difference (pair t-tes 0.05) in the concentration
of particular HMs between Group A and Group B

The influence of individual factors on the concatitm of HMs in the plant biomass
was analysed similarly as in case of their inflleeit the soil. The recorded values show
(Fig. 5 and Table 9) that the concentrations of Hiffered between the groups with the
additional LED light and without it. In order to rfirm the assumption, two-ways ANOVA
was performed in combination with the multivariaignificance test whose results are
presented in Table S4 and graphically shown in feighl illustrating the influence of
individual factors on the concentration of HMslire tbiomass of plants. The analysis shows
that the factor of using leachates affectec (0.001) the total concentration of HMs in the
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plant biomass. Its effect on the sorption of indial HMs was however lower than the
effect of additional lightingd < 0.001).

3.0

N
o

Content of HM in plant biomass [mg/kg]

o
o

o
o

=
o

=
o

e,

0.0

LED

IRRIGATION: NO

Without LED

LED

IRRIGATION: YES

Without LED

As
4 Cr
—- Cd

Ni
—& Hg

Fig. 6. Comparison of the effect of leachate anditamhal light on the concentration of HMs in thieupt
biomass. Results of two-way ANOVA are shown as demusition of effective hypothesis.

Vertical lines represent confidence intervals Eval ofo = 0.95

Table 9
Comparison of average HM concentrations in thetgd@mass in dependence on light intensity usingtp@st
Average n SD
Variable | Average (w/og t a n wio o Wwlo F
(LED) LED) (LED) LED) (LED) LED)
As
PLANT | 0.5451 1.0039| —4.0494 | 0.000281] 18 18 0.2664 0.4001 2.26
[mg kg]
Cr
PLANT | 1.4701 1.9880| —3.5196| 0.001252 18 18 0.2535| 0.5704 5.06
[mg kg]
Cd
PLANT | 0.2636 | 0.0812| 11.4352|0.000001] 18 18 0.0529 0.0420 1.59
[mg kg]
Ni
PLAN'I; 0.9689 1.5787| -10.6929 0.000001] 18 18 0.0904 0.2244 6.17
[mg kg™]
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Average n sD
Variable A(\ngge (w/o t a (LIrE]D) (w/o (LSE%) (w/o F
LED) LED) LED)
Hg
PLAN‘I; 0.1097 0.0480| 6.7447 | 0.000001] 18 18 0.0252 0.0295 1.37
[mg kg]

Significant differences between Group A - LED antb@® B - w/o LED (no LED photoperiod) are bold

(a < 0.05). a = level of significance at which the significanfference was found{ = test criterion value,
F = ratio of the variances of data sets from Groumndl Group Bn = range of the analysed set of data,
D = standard deviation of these sets

Enrichment coefficient for the plant/soil system

EC values (Eq. 1) were calculated based on thdtirgtHM concentrations in the
samples of soil and plant biomass. Results of E@ wken evaluated according to the
classification presented in Table 2 and divided @toup A (LED) and Group B (no LED).

Table 10
Enrichment coefficient=C [-], for the plant/soil system - Group A with LED
conzgﬁ?re:ltion ECas ECar ECc ECu ECuq

0 0.15 0.27
20 0.50 0.29
50 0.21 0.57
75 0.37 0.53
90 0.18 0.38
100 0.22 0.47

Moderately accumulator plants between 0.1-1.0

Low accumulator plants between 0.01-0.1

Non accumulator plants <0.01

All tested leachate proportions (0 % - 100 %) iro@r A with LED exhibitedEC
values for As and Cr ranging from 0.1 to 1.0 motiyaaccumulator plants (Table 10),
indicating a mild degree of HM accumulation by thedel plant Sinapis alba L.).

Ni reached thesgC values at concentrations 20-100, and the standaid EC exhibited

a concentration of 1.01, i.e. high accumulationpignt. The high rate of accumulation
(EC 1-10) was recorded in all tested concentration€dfand Hg as well as Ni in the
control sample (standard). The tested samplesl iexakrimental variants (at all leachate

concentrations) exhibited accumulation capacityHbts (EC 0.15- 15), i.e. for As, Cr, Cd,
Ni and Hg.

Table 11
Enrichment coefficient=C [-], for the plant/soil system - Group B (no LED)
conzgz?re;tion EChs ECer ECcu ECui ECrg
0 0.57 0.31
20 0.81 0.60
50 0.53 0.48
75 0.50 0.84
90 0.15 0.88
100 0.46 0.74
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EC results for Group B with no LED indicated a lowate of accumulation in all
tested concentrations as compared with Group Aigh hate of accumulationEC 1-10)
was exhibited by the heavy metals only in the adntariant “0”: Cd (1.5), Ni (1.3) and
also Hg in the tested concentrations 20 - 100 (2.0000). All tested variants (leachate
concentrations in irrigation water 0 % - 100 %)heitit LED exhibited EC values for As
and Cr ranging from 0.1-1.0, i.e. a mild degreeaofumulation by the plant. The mild
degree of accumulatioeC < 1) was also exhibited by Cd and Ni in concditres 20-100
and Hg in the control variant (“0).

Discussion
Analysis of leachates

HM concentrations in the tested leachates were Yégh, in all cases exceeding
several times limits set by the World Health Orgation (WHO) [67, 68] for waste water
(effluents) used in agriculture (Table 12). It Isetefore obvious that they represent
considerably contaminated waste water which haBet@dequately managed to prevent
environment pollution. Thus, leachate water camtdrem the landfill cannot be disposed
for example for irrigating arable land during thdtivation of conventional crops (cereals,
vegetables, legumes, etc.). This is also why tleHates were used in the presented
laboratory experiment. Together with Pb and Zn, Cd,and Ni are the main HMs in
leachates from landfills [69]. The measured HMsoeotrations are high but it should be
borne in mind that leachates originate from the leHandfill body (in our case from the
landfill volume of 569 000 A) coming to existence due to rain water infiltrati@]. Thus,
created leachates have to be caught on the landll insulating layer and stored in
impervious sumps before disposal [8, 69]. An optionthe disposal of these hazardous
leachates is offered therefore in using the prooégshytoextraction or phytoremediation
[31, 35] by plants that would have a sufficient &hifity to absorb HMs contained in
landfill leachates.

Table 12
Comparison of measured HM values and permissibligdiof selected heavy metal ions in waste wateomting
to WHO standards [67, 68]

Measured value WHO limit Differences
Heavy metals [ug L] g L] [ug L]
Cd 0.183 3 -2.817
As 29.73 - -
Cr 812.4 50 +762.4
Ni 153.7 20 +133.7
Hg 1.32 1 +0.32

The monitoring of HM concentrations in seepage vgaie necessary to determine
a potential risk posed by disturbance of landfilsulation layers and by their leakage
outside sumps [70, 71]. When rain water, groundwateother precipitations get into the
landfill, they can dissolve and transport substanoecurring in the waste. Result of the
process are seepage waters with contaminants subleavy metals (e.g. lead, mercury,
cadmium), organic chemicals (e.g. pesticides, smd)eor microorganisms which may
penetrate to groundwater, depending on landfiluggcand age [72]. Contaminants that
can migrate into groundwaters are heavy metals lwhiay be present in batteries,
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electronic equipment, chemical products, and mantacninate water for a very long time.
Organic contaminants (e.g. pesticides, herbiciéB) pose another risk as they can be
toxic to aquatic organisms and represent a hemlkhto human population, particularly if
they get into drinking water. Another risk is amr@and nitrate compounds from organic
waste products, which may lead to eutrophicationvafer sources and impair quality of
water [70-73]. Research conducted in the past énlabality of MSW Kuchynky landfill
was focused on monitoring the movement of hazardobstances (e.g. HMs) within the
landfill body. The research was described in Adaracet al. [72] and Vaverkova et al.
[73]. The two studies confirmed potentially hazarslGubstances occurring in the MSW
landfill body that could be contained in leachates the other hand, data from these
scientific works [72, 73] demonstrated no leakaf@my hazardous substances from the
MSW Kuchynky landfill body into the surrounding eéronment (farmland), the main
reason of such a result being tightness of laniffllation and functionality of drainage
system including retention tanks. This system nstaall leachates, thus preventing
a potential leakage of hazardous substances outs&dody of the MSW Kuchynky
landfill.

HM concentrations in the samples of soil and plantbiomass and effect of light
intensity on HM sorption

Evaluating the concentrations of HMs in the soid gulant biomass samples we
worked with an assumption that the increasing cotnation of leachates in irrigation water
would have a direct influence on the increased eotmation of HMs in the soil as well as
in the model plant§napis alba L.) biomass. This was confirmed only partly ashwtite
leachate concentration growing above 75 %, a ngmifgtant decline was recorded in
a majority of cases in the concentration of indiditiHMs in the soil. Based on Salehi et al.
[74], it can be assumed that the increasing conationh of leachates in irrigation water was
increasing the availability and mineralisability IdM ions, which could have led to their
greater availability to plants.

Therefore, we assume that these would be parthgsponded to also by tieC value
and by the concentrations of selected HMs in tlatpbiomass. However, this does not
explain why a significant decline in the concentmratof HMs in plants occurred in variants
of 90 % and 100 %. Sayago et al. [75] maintain thatefficiency of the elimination of
heavy metals depends on and is at the same tinitedinby the exchange of cations
between hydroxyl groups and carboxyl groups pregeriiomass. More precisely, that
each plant has a certain capacity and potentiadbsorb a specific HM [39, 66, 75].
Therefore, we can state that the presented reisulisate exceeded limit values of HM
concentration in irrigation water, which the plari§ Snapis alba L. were able to
incorporate into their biomass. The situation mmiksr to that of soil with the excessive
input of nutrients of which the soil and microorgans in the soil are able to catch only
a part which is then made available to plants. fiégmaining part is lost through flushing
from the soil [73, 76]. Presumably, an excessivewam of HMs could have been partly
flushed out also in our experiment. A similar carsibn was reported also by Kacalkova
et al. [77] who inform that differences in the agauation of HMs (Cd, Zn and Hg) into the
biomass of different plant species are primarifeeted by the total concentration of these
HMs in the soil. On the other hand, Turan and Kgrirf78] consider crucial the
bioavailability of specific HMs in the soil, whigbrimarily affects their absorption from the
soil environment (rhisosphere) into roots and leaxfeplants realising phytoremediation.
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We also analysed the effect of additional light Q)Eon the concentration of HMs in
the soil and plant biomass samples. Designing ttperément, we assumed that light
intensity greater than the natural daylight wowddult in the increased sorption of HMs by
the model plant and hence in the decreased coatientrof HMs in the soil (alternative
hypothesis H). Comparing only the values of HM concentratiorttie soil or in the plant
biomass, we would have to reject thehypothesis in most variants in spite of the faet t
a demonstrably positive influence of the LED phetapd on the concentration of HMs in
the soil samples was not demonstrated and a p®sitluence in case of plant biomass
samples was recorded only in Cd and Hg. It is foeeepossible to state that the LED
photoperiod contributed to the increased concaatratf HMs in the plant biomass only in
some HMs. Thus, the statistical hypothesjscBluld not be rejected and the alternative H
hypothesis could not be fully confirmed. The meadwalues are partly in contradiction to
the findings of Kwon et al. [57] who found a posaitieffect of LED leading to increased
extractability of HMs from the soil. If we focussal on the results of two-way ANOVA
(Fig.- 3 and Fig. 5), it is clear that in the sdngples, the concentration of leachates in
irrigation water had a higher influence (factor)tbe concentration of HMs in the soil than
on the concentration of HMs in the plant biomadssbrings us to assumption ttghapis
alba L. exhibited an increased susceptibility to theption of selected HMs, for example
Cd and Hg as compared with the other HMs (As, Gf Hi). According to Vasile et al.
[62], Sayago et al. [75] and, Evangelou et al. [F@fgasova [80]Snapis alba L. has
a high capacity of binding Cd and Hg as comparadef@ample with As and Cr, while
retaining tolerance - endurance to the other HMsoalh it is not able to bind them into
plant tissues so effectively as it is able to b

Another possibility to compare the effect of LEDoptperiod is to use the Enrichment
coefficient for the plant/soil system (Table 10 arable 11). During the action of LED,
higherEC values were recorded, which is relatively intargsbecause if we compare the
average values of HMs in the plant biomass (Tapknd in the soil samples (Table 8), we
can see they are balanced. The concentrations o idthe plant biomass were higher in
Group A (LED) for Cd and Hg. Conversely, in caseAsf Cr and Ni, the concentrations
were higher in the other experimental group. Tlaeefit is not possible to determine
clearly whether the LED technology had a positiiuence on the deposition of HMs into
the plant biomass or whether it only supported gbmption of HMs to which the model
plant has greater susceptibility.

Nevertheless=C values (Table 10 and 11) indicate that if thechasl concentration of
HMs in the soil after the end of the experiment aimel amount of HMs absorbed in the
plant biomass are taken into account, the LED ligbteased the capacity of plants to bind
HMs. According to Malayeri et al. [66], values beem 0.1 - 1.0 are characteristic of
moderately accumulator plants and values > 1 ameackeristic of high accumulator plants.
When the LED photoperiod was used, all HMs exhtbE€ values > 0.1 and for Cd, Hg
and Ni (only in the control variant) even value4.>On the other hand, the group without
the LED photoperiod exhibiteBC < 1 for a majority of HMs; only Cd and Ni in the
control variant showed values > 1. TBE value of 1 was exceeded in Hg in variants with
the concentrations of leachates in irrigation watanging from 20 % - 100 %.
The measure&C values similar in the two groups (with/without LEEEonfirm the higher
susceptibility ofSnapis alba L. for binding Cd and Hg in its biomass, which walso
corroborated by Vasile et al. [62], Evangelou e{#] and Fargasova [80]. THeC values
show thatSnapis alba L. can bind also As, Cr and Ni; however, at a IowHectiveness
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with this effectiveness not being increased by ItB® technology. Last but not least,
EC values were the highest in the group with the Ldtoperiod, enhancing the sorption
of Cd and Hg whose effectiveness was the higheieinmodel plant.

Conclusion

The presented study is focused on the issue ofopdwyiediation and its higher
effectiveness using a plant stimulated to phytodiat®n by LED light. There were two
main goals of the research: (1) to determine tliecefof additional LED light on the
phytoremediation potential of the model plant, #2to determine the effect of leachate
concentration in irrigation water on the concemtrabf heavy metals in the soil and plant
biomass samples. These two goals should resuléw fimndings about phytoremediation,
which could be further used for technologies oft mwastewater treatment plants.

Designing the experiment, we assumed that the ligitensity of individual
experimental variants increased beyond naturaligtatylwould lead to the increased
sorption of heavy metals by the model plant andcketo the reduced concentration of
heavy metals in the soil (= alternative hypothddi3. The measured values did not
demonstrate a full impact of LED light on increassption of all heavy metals by the
model plantSnapis alba L. Such an effect was demonstrated only in Cd &l
The measured values are not significant enouggjéztrthe zero hypothesis and to confirm
the alternative hypothesis on their basis.

We found out that our assumption about the cona#air of leachates in irrigation
water having a direct effect on increased conctatraf heavy metals in the soil and at the
same time in the biomass of model plant was comfirranly partly. Such a direct effect
was recorded only up to 75 % of leachate conceaotrat irrigation water; above this limit,
the concentration of HMs was declining both in $od (non-significantly) and in the plant
samples (significantly). The phenomenon might hasen caused by exceeded limit values
of HMs concentrations in irrigation water, whictethlants ofSnapis alba L. were able to
incorporate into their biomass.

The measured values indicate that following redeattdies will have to involve
different types of LED lights and model plants. thsthe efficiency of phytoremediation,
we have to find out what is the response of diffenglant species to the stimulation by
LED light. The following research will have to becfised on a potential influence of LED
light constructions in terms of light spectrum thragiate on the metabolic processes in the
given plants. Further tests will, however, needesikpental design modification so that
a variant without the model plant is included. \&dufrom this variant (only the soil
irrigated with leachates) could provide a betteplaxation for the effect of growing
Snapsis alba L. on the sorption of HMs from the soil. Advance# technologies can
simulate sunshine and also blue light which is asagy for photosynthesis, red light for the
growth of plants, UV and violet radiation which edfs the capacity of plants to create
pigments. There are, however, considerable difft’enamong the individual LED
technologies (grow panels; grow reflectors, grotbbetc.) in spectral ratios, i.e. that these
technologies are able to generate electromagnatiation of different wave lengths.
We believe that a further research of the interestion of LED technology and
phytoremediation can contribute to the developnoémnvironment-friendly methods used
in the treatment of waste waters of diverse origin.
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