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Abstract:  In the presented experiment, we tested the influence of irrigation with different proportions of leachate 
collected from the leachate sump of municipal solid waste landfill in combination with LED light on the capacity 
of model plant to remove some heavy metals (HMs) (As, Cr, Cd, Ni and Hg) from the soil and to store them in the 
biomass of model plant Sinapis alba L. There were six variants irrigated either with distilled water (control) or 
with a combination of distilled water and leachate (20 %, 50 %, 75 %, 90 %, 100 %). The variants were divided 
into two groups: A (LED) and B (no LED) and concentrations of HMs and their interdependence (concentration of 
HM in the soil and in the plant) were monitored in the soil/plant samples. The measured values of HMs 
concentration in the soil and plant samples did not show a positive influence of LED light on the phytoextraction 
of HMs. A significantly increased (p ≤ 0.05) sorption of HM by the model plant was demonstrated only in Cd and 
Hg where the difference between Group A and Group B was approximately 10 mg kg–1. Furthermore, enrichment 
coefficient, EC, was established for the respective HMs and experimental variants. EC values > 1 indicating “high 
accumulator plants“ were measured for Cd and Hg for all variants of Group A. In Group B, EC values > 1 were 
recorded for Cd and Ni only in the control variants, and for Hg in all variants with the application of leachate  
(20 % → 100 %). 
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Introduction 

The ever-growing industrial production and trade over the last decade resulted in the 
rapidly increasing generation of municipal solid waste (MSW) in many countries [1-3]. 
Thanks to economic advantages, landfilling remains a generally accepted and used method 
for the final disposal of waste [1, 4-7]. The global trend of landfilling applies not only to 
big cities where daily amounts of landfilled waste represent thousands of megagram, but 
also to rural areas where similar waste amounts are landfilled every year [8, 9]. Disposal of 
MSW in landfills brings a number of environmental risks and causes concern about  
a possible harm to human health due to the pollution of air, soil and groundwater, risk of 
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fires and explosions, bad odour or damage to vegetation [10-13]. Main problems connected 
with landfilling include the generation of potentially explosive gases (waste dump gas) and 
leachate (seepage water) [1, 8, 14]. Seepage from waste dumps arouses ever more fears, 
particularly for its toxicity if uncontrolled leaking occurs into the environment [1, 8, 15]. 
Long-term environmentally sustainable management of landfill leachates is a priority for 
landfill operators [16, 17]. 

MSW consists of a wide range of inorganic, natural and xenobiotic compounds, the 
mixture of which is affected by the composition and pollution potential of leachate [16, 18, 
19]. Seepage water (leachate) from MSW landfills is formed when chemical and biological 
products are released from waste through the decomposition of putrid and organic fractions. 
These fractions come from the municipal waste which has not been sufficiently sorted and 
contains for example organic substances that should be disposed ideally by composting 
rather than by landfilling [1, 18, 19]. It is a result of numerous processes including 
microbial degradation [16, 20]. Leachates are considered one of the most important issues 
for landfill operators [17]. 

Many studies demonstrated leachates to be a significant source of pollutants due to 
leaching from the waste of dangerous substances [1, 21-23]. Moreover, leachate 
composition is specific for the given locality and variability within one landfill is often  
a case [1, 16, 24]. Landfill leachate may contain large amounts of organic matter 
(biodegradable, and refractory to biodegradation), as well as ammonia-nitrogen, heavy 
metals (HM), chlorinated organic and inorganic salts [22]. Lead, cadmium, mercury, and 
chromium can simultaneously prevail in the environment as a result of various human 
activities. Landfill leachate is certainly one of the main anthropogenic sources for these 
HMs. Besides, HMs are widely known to be non-essential elements for plants, and they can 
cause adverse effects on the plant’s photosynthetic system, chlorophyll synthesis, and 
antioxidant enzyme production, resulting in various forms of damage to the plants [17]. 

Conventional methods used for leachate treatment can be classified into three major 
groups: (a) leachate transfer: recycling and combined treatment with domestic sewage,  
(b) biodegradation: aerobic and anaerobic processes and (c) chemical and physical 
methods: chemical oxidation, adsorption, chemical precipitation, coagulation/flocculation, 
sedimentation/flotation and air stripping [25-28]. 

In the most developed countries, legislative requirements for waste water treatment are 
becoming stricter. However, due to the ageing of waste dumps with ever more stabilised 
leachates, the conventional methods of treatment (biological or physical and chemical) are 
not enough to achieve the level of treatment that would be needed to reduce the general 
impact of landfill leachates on the environment. It means that new, alternative methods 
have to be designed and can be considered necessary to improve the environment. One of 
them is phytoextraction which represents one of phytoremediation techniques [28, 29]. 
These methods should be tested in the laboratory, in lysimetric and field experiments  
[25, 28, 30]. Fundamental reasons for adopting the process of phytoextraction and its 
further investigation are mentioned by Nevel et al. [29] and Wang et al. [31]. The authors 
claim that it represents a low-cost and environment-friendly technology for the remediation 
of heavy metals or soils contaminated with organic matters. Nevertheless, according to 
Lasat [32] and Soudek et al. [33], the technology features some essential disadvantages that 
have to be further explored: 1) limited efficiency of phytoextraction caused by the low 
production potential of plants realising the process of phytoextraction; 2) length of the 
phytoextraction process (usually several years or decades); 3) contaminated sites cannot be 
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used for other purposes during the phytoextraction; 4) pollutants have to be localised in the 
rhizosphere, i.e. within the reach of root zone; 5) phytotoxicity of pollutants and their 
concentration in the soil must not exceed the value that can be tolerated by the plant 
realising the phytoextraction. 

Phytoextraction appears to be a promising method [34]. Phytoremediation is a process 
which utilises live plants to reduce risk on sites with contaminated soils, sludge, sediments 
and waters through the elimination, degradation or retention of contaminating substances 
[35]. Phytoremediation represents an extensive package containing phytotransformation, 
phytostabilisation, rhisofiltration, phytovolatilisation and phytoextraction [33]. Namely the 
phytoextraction (or phytoaccumulation/phytoabsorption) is an environment-friendly 
method the principle of which is removal of contaminants from the soil using absorption 
into plant biomass [33]. Application of phytoextraction is a cheaper and more efficient 
alternative for the removal and immobilisation of HMs from aqueous solutions [17, 36] and 
from the contaminated soil [37] (Fig. 1). According to He et al. [37], the main advantage of 
phytoremediation is low technical cost, easy operation and convenient promotion, all this 
leading to the low cost of the whole process of phytoremediation and its easy realisation. 
Phytoremediation covers a wide range of pollutants such as inorganic chemicals including 
HMs and metalloids, many organic substances including persistent organic pollutants and 
radioactive elements. Phytoremediation has gained much popularity over the last 20 years 
and has been considered as an acceptable technique in many countries due to its  
cost-effectiveness compared to traditional practices [38, 39]. 

 

 
Fig. 1. Processes used in phytoremediation of heavy metal pollutants from the soil according to 

Ojuederie et al. [40], modified by Kintl et al. [36] 

First of all, phytoremediation systems make use of the potential of natural or actively 
controlled soil-plant system for detoxication, degradation and inactivation of potentially 
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toxic elements in leachates. Selection of plant species is essential for the long-term success 
of phytoremediation (phytomanagement). Suitable is a mixture of plant species tolerant to 
HMs. In this respect, grasses are popular colonisers of soils contaminated with HMs, which 
can become established and develop an extensive root system thanks to their capability to 
overcome growth restriction under extreme ecological characteristics of such soils [36,  
40-42]. According to OECD [43], plants commonly used for phytoextraction are Lactuca 
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.) and Triticum aestivum (L.) and Sinapis alba.  

Previous studies indicated that light of proper intensity, spectral quality, and 
photoperiod can stimulate the growth and increase the efficiency of the absorption of soil 
nutrients by plants [43-45]. Accumulation of metals in plant organs is contradictory during 
the phytoextraction process. Higher concentrations of metals in plants facilitate the removal 
of a greater mass of pollutants from the soil [46]. However, the accumulation of metals 
often leads to the overproduction of reactive oxygen species (ROS) in various plant tissues, 
decreases the biomass yield of the species, and subsequently reduces phytoremediation 
efficiency [47, 48]. Light irradiation has been applied to activate antioxidant systems in 
plants in order to scavenge ROS overproduction induced by external stresses in agricultural 
products. Ma et al. [48] suggested that the activities of superoxide dismutase (SOD) and 
ascorbate peroxidase (APX) in Malus domestica exposed to a greater amount of light were 
significantly greater than those in the control, which subsequently decreased the production 
induced by drought stress; Dong et al. [49] found that the increased activity of peroxidase 
(POD) and SOD in Triticum aestivum L. treated with red-blue light improved the straw 
height and thousand kernel weight of the species; and Levine and Pare [50] observed that 
light irradiation mitigated the negative effects on the total antioxidant capacity of Allium 
fistulosum L. caused by elevated CO2. 

However, the information about how the light irradiation of different quality and 
intensity influences metal distribution and antioxidation mechanisms of plants during the 
phytoextraction processes is largely lacking. Once the mechanisms by which the light 
increases phytoextraction efficiency are determined, the light associated phytoextraction 
can be widely used in real-scale fields. Ning et al. [51] confirmed that different light spectra 
can positively affect the capability of plants to mobilise some heavy metals. According to 
Wang et al. [31], the low efficiency of phytoremediation processes, or more precisely the 
rate of heavy metals being removed from the contaminated environment, is one of the main 
disadvantages of phytoremediation. Based on these findings, we can assume that if the use 
of light diodes (LED) would remove the drawback, phytoremediation processes (including 
phytoextraction) could be used in real-scale fields in the sense of special facilities, for 
example vegetation halls with aquaponics or a special form of root wastewater treatment 
plants that would be able to remove heavy metals from the contaminated environment 
efficiently by the form of phytoremediation. 

LED lamps can be used to provide the narrow-band light spectrum. Compared to 
conventional fluorescent lamps, they have several advantages such as low energy 
consumption, longer service life, low heat generation or high conversion efficiency. 
Moreover, LEDs can influence the growth of plants and accumulation of contaminants [52].  
Fu et al. [53] found a positive correlation between light intensity and plant biomass, 
irrespective of nitrogen concentration, after studying the interaction influences of light and 
nitrogen fertiliser on the quality of Lactuca sativa L. Improvement of light conditions 
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optimum for achieving maximum plant growth was investigated by several researchers [45, 
54, 55]; however, no research of using LED for landfill leachate phytoremediation  
(phyto-treatment) has been conducted so far. Therefore, the aims of this study are to 
evaluate the feasibility of using different concentrations of landfill leachate as a fertiliser 
and, more importantly, the effect of light photoperiod on the process of phytoremediation. 
Phytoremediation or phytoextraction of contaminants (pollutants) using the plants 
represents a low-cost method [56] which is however characterised by low efficiency [31].  
It is therefore necessary to deal with the feasibility of phytoremediation in the practical 
decontamination of sites contaminated with heavy metals. 

According to Wang et al. [31], Santa-Cruz et al. [56] and Kwon et al. [57], essential 
influence on the process of phytoextraction of HM’s pollutants (its feasibility) and resulting 
effectiveness is that of 1) plants used for phytoremediation thanks to their growth potential 
in the contaminated environment and fixation of individual heavy metals; 2) the share of 
biologically available heavy metals; 3) the influence of abiotic factors affecting the plant 
growth - exposure to light, temperature and precipitation. Based on this information, it is 
obvious that feasibility of phytoremediation can be affected especially in points 1) and 2), 
i.e. by selecting plants suitable for the process of phytoremediation and by stimulating their 
growth, e.g. by additional LED light, complementary irrigation and the like. Although the 
research of LED light-irradiated plants is limited, it is safe to hypothesise that light 
irradiation can change HM distribution and antioxidation mechanisms of plants as well as 
the pollutant accumulation by stimulating the growth of plants. It follows that the simulated 
growth of plants together with their capability to deposit pollutants in their biomass is 
essential for the increased feasibility of phytoremediation [58]. 

Kwon et al. [57] observed that red LED light improved the ability of Chlorella 
vulgaris to extract metals at significantly high levels by increasing its Cu and Zn 
concentrations. Therefore, there is a reasonable assumption that the LED photoperiod can 
also influence the phytoextraction and phytoremediation process efficiency of higher plants. 

Therefore, main objectives of this study are to verify the effects of LED irradiation on 
(1) the potential of phytoextraction of selected species, and (2) HM concentration changes 
in the soil and plant samples irrigated with landfill leachate at different rates. Two 
hypotheses were tested: (H0) and an alternative (H1). 

H0: Increased light intensity does not have any influence on the sorption of heavy 
metals by the model plant and on the reduced concentration of heavy metals in the soil. 

H1: Increased light intensity applied in selected variants beyond the natural daylight 
leads to increased sorption of heavy metals by the model 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) was collected from the Kuchynky 
controlled MSW landfill (category S-OO - Other waste; sub-category SOO-3 Low 
proportion of biodegradable waste). HM concentrations in the collected seepage water are 
presented in Table 1. The landfill of this classification receives more than 10 tonnes of 
waste per day or its total capacity is over 25,000 megagrams of waste. The landfill is 
situated near Zdounky, cadastral area of Netcice, in the Zlín Region, Czech Republic 
(CZE). The sample of leachates consisted of a mixture of more samples collected from 



D. Adamcová, A. Kintl, I. Huňady, J. Sobotková, V. Lukas, V. Smutný and J. Elbl 

 

64 

different places and different depths of leachate sump on the same date. The samples were 
collected into sterile receptacles, then mixed, and the resulting sample of leachates was 
placed into a cooling box and brought to accredited laboratory for analysis. The mixed 
leachate sample was analysed for the concentration of heavy metals (HMs) As, Cr, Cd, Ni 
and Hg. Concentrations of As, Cr, Cd and Ni were determined according to CSN EN ISO 
11885 [59] and the concentration of Hg was determined according to CSN 75 7440 [60]. 
The presence of HM in the leachate was established in µg L–1. The analysis was performed 
in the accredited laboratory LITOLAB Ltd. (Litovel, CZE), accreditation no. 1255, 
accredited by the Czech Accreditation Institute according to ISO/IEC 17025:2005. 

 
Table 1 

Average concentrations of HMs in seepage water collected from the Kuchynky MSW landfill for laboratory 
experiment irrigation 

Heavy metals 
Measured value  

[µg L–1] RSD [%] 

Cd 0.183 3 
As 29.73 - 
Cr 812.4 50 
Ni 153.7 20 
Hg 1.32 1 

Average values (n = 3) of HM concentration in the leachate are presented; RSD is the value of Relative Standard 
Deviation that was calculated: 100 · (SD/mean) 

Research of light influence in laboratory conditions 

The sampled leachates were used in the pot experiment for watering seeds of the tested 
plant which was white mustard (Sinapis alba L.). The plant is highly sensitive to changes in 
environmental conditions to which it reacts by leaf necrosis or by slowing or stopping its 
growth. This model plant was chosen thanks to its ability of responding even to relative 
changes in the concentration of HMs in the soil (environment) as described in OECD [43], 
Hernandez et al. [44], Šourková et al. [61] and Vasile et al. [62]. The pot experiment lasted 
28 days. Its scheme and course are shown in Figure 2. Laboratory conditions: ambient 
temperature (23 ±5) °C, relative humidity (50 ±2) %. 

The pots were filled with 300 g of test substrate which consisted of OECD soil 
mixture, garden substrate and silica sand, without added artificial fertilisers (hereinafter 
only substrate), allowing natural germination of seeds and growth of plants in accordance 
with the European national norm in a ratio of 1 : 1 : 1. OECD soil composition: 5 % of 
dried peat sifted and homogenised through a 2 mm sieve, 85 % of dried silica sand with  
a min. 50 % proportion of grains sized 0.05 mm - 0.2 mm, 10 % of dried kaolin clay with  
a min. 30 % kaolinite content, and 0.3 % - 1% of calcium carbonate for pH treatment to  
6.0 ±0.5. One hundred of Sinapis alba L. seeds were evenly spread on the surface of each 
container. The seeds were then covered with a thin layer of silica sand to prevent water 
evaporation. The plant biomass was cultivated under stable laboratory conditions 
(temperature (23 ±5) °C, relative air humidity (50 ±2) %). Leachates were applied onto the 
substrate three times a week for 28 days in different proportions (20 %, 50 %, 75 %, 90 % 
and 100 %). Individual variants were prepared by diluting the collected (mixed) sample of 
leachates in the following ratios: 1 : 4 (var. 20 %), 1 : 1 (var. 50 %), 3 : 1 (var. 75 %),  
9 : 1 (var. 90 %) and an undiluted sample, i.e. irrigation with concentrated leachates.  
The irrigation of experimental containers (either distilled water or a mixture of leachate and 
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distilled water in determined ratio) was performed according to model plant development as 
follows: 
• Day 1 of the experiment 10 mL 
• Day 2 - 7 of the experiment 40 mL 
• Day 8 - 14 of the experiment 120 mL 
• Day 15 - 21 of the experiment 150 mL 
• Day 22 - 28 of the experiment 150 mL 
• Total irrigation applied for one variant for the entire duration of the experiment was  

∑ 470 mL 
 

 
Fig. 2. Scheme of experiment 

 
The substrate that was not irrigated with leachate but with distilled water represented  

a standard and served as reference. The test was at all times performed in three repetitions. 
Designation of variants based on the applied leachate proportions was as follows:  
0 (control), 25, 50, 75, 90 and 100. Samples exposed to the LED photoperiod and samples 
without the LED photoperiod are marked with A and B, respectively. Thus, two groups of 
variants were created: A - LED; B - daylight only (no LED). 

In order to find the effect of LED photoperiods on the efficiency of phytoextraction 
abilities of higher plants (Sinapis alba L.) using different concentrations of leachates, the 
tested containers (i.e. ½ of them) were exposed to the 16 hour cycle (from 6:00 am to  
10:00 pm) of controlled LED illumination (Philips cultivation system with the function of 
timer and brightness of 850 lm; light radiation range 400 nm - 660 nm, angle of exposure to 
light 120°; Fig. S1). The remaining containers were exposed only to daylight. After the end 
of the experiment period, soil and biomass were sampled from the containers (soil sample = 
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soil mixture formed by mixing samples of soils I, II and II for the particular concentration; 
biomass sample = biomass mixture formed by mixing samples of biomass I, II and II for 
the particular concentration) and the samples were analysed. 

Analysis of soil and plant biomass samples 

The soil and plant biomass samples were analysed in the accredited laboratory 
LITOLAB Ltd. (Litovel, Czech Republic), accreditation no. 1255, accredited according to 
ISO/IEC 17025:2005 by the Czech Accreditation Institute. An overview of used analytical 
methods is presented in Table 2. Two main methods were used: CSN 75 7440 (Water 
quality - Determination of total mercury by thermal decomposition, amalgamation and 
atomic absorption spectrometry [60]) and CSN EN ISO 11885 (Water quality - 
Determination of selected elements by inductively coupled plasma optical emission 
spectrometry ICP-OES [59]). These methods can be used not only for water quality 
monitoring but also for sediments, sludge, plant and soil matrices [63]. 
 

Table 2 
Methods used to determine the concentrations of HMs in the 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 - European Standard, ISO - International Organisation for Standardisation 

Enrichment coefficient for the plant/soil system 

Enrichment coefficient, EC, was calculated to assess the accumulation of HMs from 
the soils to plants, and it is described as the following formula [64, 65]: 

�� =
�����	

�
���

 (1) 

where EC is the enrichment coefficient for the plant/soil system, [-]; Mplant is the metal 
concentration in the plant tissue, [mg kg–1], in dry matter; Msoil is the total metal 
concentration in the soil where the plant is grown, [mg kg–1], in dry matter. 

Malayeri et al. [66] grouped the plant species according to their HM uptake capacities 
and sensitivity to pollution by metals (Table 3). 

 
Table 3 

Classification of EC according to Malayeri et al. [66] 

The ability of plants to accumulate heavy metals 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 statistical programme Statistica 12 (Dell 
software, Round Rock, USA) using the following analyses: (a) input data analysis - 
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determination of the homogeneity of measured values - the aim was to determine extreme 
values possibly occurring in the measured parameters. For the purpose, exploratory data 
analysis (EDA) was used, which included diagnostic diagrams and a comparison of the 
distribution of measured values; (b) one factor and two-factor analysis of variance 
(ANOVA) of the measured sets of values - these methods were used to determine the 
influence of individual factors on the measured values; (c) post-hoc Tukey's Honest 
Significant Difference (HSD) to determine significant differences in the measured values 
among the individual variants; (d) pair t-test to identify differences between the groups of 
data (photoperiod with LED and without LED). All analyses were performed  
at a significance level of α < 0.05. 

Results 

Analysis of leachates 

The collected leachates were analysed for the presence of HMs in the accredited 
laboratory (LITOLAB Ltd., Litovel, Czech Republic). Results for individual HMs (Cd, As, 
Cr, Ni and Hg) are presented in Table 1. The highest values were recorded in Cr  
(812.4 µg L–1) and Ni (153.7 µg L–1). Concentrations of the other HMs in leachates did not 
exceed 100 µg L–1 and the concentration of Hg approached the limit of detectability. 

HM concentrations in the soil and plant biomass samples 

The aim of the experiment was to monitor the concentration of some HMs (As, Cr, Cd, 
Ni, Hg) in the soil in which the model plant (Sinapis alba L.) was grown. The LED light 
variant (Table 4) did not exhibit any significant difference in the concentrations of As, Cd 
and Hg; more precisely, the concentration of leachate in irrigation did not affect the 
concentration of these HMs in the soil samples. Moreover, Cd and Hg exhibited the lowest 
concentrations (< 0.2 mg kg–1) in this experimental group. On the other hand, the highest 
concentrations were recorded in Cr (> 2.9 mg kg–1), which was a significant difference  
(α < 0.05) as compared with the other variants. 

In case of the second experiment group (Table 4) which was not exposed to another 
source of light but to daylight only, the structure of measured values was similar in As, Cd 
and Hg. The concentrations of As and Cd did not show any significant differences among 
the individual experimental variants. The concentration of As exceeded 1.9 mg kg–1 in all 
variants and conversely, the concentration of Cd in the soil did not exceed 0.09 mg kg–1 in 
any variant. The concentration of Hg exhibited a non-significant difference among the 
variants “0; 20 and 90“. On the other hand, in case of the other experimental variants  
(50; 75 and 100), a small but significant decrease in concentration occurred below  
0.014 mg kg–1 as compared with the control variant. The highest HM concentrations were 
recorded in Ni (variant 50 and variant 75), where the values exceeded 13 mg kg–1. Other 
significant differences were found in the concentration of Cr which was demonstrably 
increasing in the soil samples from variant “0” up to variant “50” where the highest Cr 
concentration was recorded (5.05 mg kg–1). The following variants (75, 90, 100) then 
showed a demonstrable decline. 

We also monitored HM concentration in the above-ground biomass of the model plant 
(Sinapis alba L.) both in the experiment group with additional LED lighting (Table 5) and 
with no LED (Table 5). Average concentrations of heavy metals in Group A greatly varied. 
The highest concentrations of HMs in the plant biomass were those of Cr and Ni. In these 
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two HMs, the recorded values ranged around 1.00 mg kg–1 in case of Ni and above this 
limit in case of Cr. The concentration of Cr in the plant biomass was demonstrably 
increasing from the control variant (1.11 mg kg–1) to (1.73 mg kg–1) in the variant in which 
irrigation was applied with 75% of leachates. The growing proportion of leachates resulted 
in the decreased concentration of Cr at first, and then a mild increase followed to  
1.65 mg kg–1. The absolutely highest concentrations of all HMs across the variants were 
those of Cr in variants “50” (1.68 mg kg–1); 75 (1.73 mg kg–1) and 100 (1.65 mg kg–1).  
The concentration of Ni in the plant biomass was not so variable; however, it copied the 
trend with the concentration of 1.00 mg kg–1 in the control variant and the demonstrably 
highest value of 1.09 mg kg–1 in variant “75”. Then a decline was recorded to 0.91 mg kg–1 

in the variant with the absolute concentration of leachate in irrigation. 
 

Table 4 
Average HM concentration in the soil samples of individual experiment variants A - LED; B - no LED 

Variant A  

Treatment As ±SD 
[mg kg–1] 

Cr ±SD 
[mg kg–1] 

Cd ±SD 
[mg kg–1] 

Ni ±SD 
[mg kg–1] 

Hg ±SD 
[mg kg–1] 

0 1.97 ±0.08 a 4.14 ±0.17 ab* 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 a 0.015 ±0.001 a 
50 1.97 ±0.15 a 2.94 ±0.12 c* 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 ±0.15 a 3.33 ±0.14 c* 0.103 ±0.009 a 2.09 ±0.09 bc 0.016 ±0.001 a 
100 2.09 ±0.12 a 3.52 ±0.15 b* 0.103 ±0.009 a 1.48 ±0.06 c 0.017 ±0.001 a 

Variant B  

Treatment 
As ±SD 

[mg kg–1] 
Cr ±SD 

[mg kg–1] 
Cd ±SD 

[mg kg–1] 
Ni ±SD 

[mg kg–1] 
Hg ±SD 

[mg kg–1] 
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 4.37 ±0.18 b 0.014 ±0.001 a 
50 2.03 ±0.08 a 5.05 ±0.21 a 0.099 ±0.004 a 13.02 ±0.54 a* 0.013 ±0.001 b 
75 1.99 ±0.04 a 2.75 ±0.11 b 0.099 ±0.004 a 13.71 ±0.57 a* 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 c 0.014 ±0.001 a 
100 1.98 ±0.11 a 2.87 ±0.15 b 0.099 ±0.004 a 6.98 ±0.29 b* 0.012 ±0.001 b 

Different lower-case letters indicate significant differences in the concentration of specific HMs between the 
individual variants either in Group A or in Group B. Symbol * indicates significant differences (α < 0.05) in the 
concentration of particular HM among all HMs in the given variant 

 
The other HMs exhibited a similar trend, for example As or Hg, but differences among 

the individual variants were small, which was the case of Cd whose concentrations in the 
plant biomass ranged from 0.20 mg kg–1 to 0.34 mg kg–1. On the contrary, the As 
concentrations ranged from 0.30 mg kg–1 (control variant) to 1.02 mg kg–1 (variant with  
20 % of leachates in irrigation). The Hg concentration showed relatively small differences; 
the highest value (0.15 mg kg–1) was recorded in variant “75” and the lowest value  
(0.07 mg kg–1) was found in the variant with the highest concentration of leachates. 

In absence of additional LED lighting (Table 5), the highest concentrations were found 
in Cr and Ni again and ranged above 1.3 mg kg–1 (with the exception of control variant for 
Cr) while only partial differences were found within the individual variants with different 
leachate concentrations in irrigation. The concentration of Cr in the plant biomass was 
gradually increasing (P < 0.05) with the share of leachates in irrigation water up to 50 % 
where a decline occurred. A similar trend (P < 0.05) was recorded in Ni, too. However,  
a declined concentration of this HM in the plant biomass to ca. 1.6 mg kg–1 occurred only 
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from the concentration of 75 % of leachates in irrigation water. The remaining HMs (As, 
Cd and Hg) showed a similar trend (P < 0.05); their slightly increasing concentrations in 
the plant biomass were recorded from variant “0” but then the trend stopped and their 
decline started with the increasing proportion of leachates (from the concentration of 75 %) 
in irrigation water. 

 
Table 5 

Average concentrations of HMs in the plant biomass samples  
from individual experiment variants A - LED; B - no LED 

Variant A  

Treatment As ±SD 
[mg kg–1] 

Cr ±SD 
[mg kg–1] 

Cd ±SD 
[mg kg–1] 

Ni ±SD 
[mg kg–1] 

Hg ±SD 
[mg kg–1] 

0 0.30 ±0.01 c 1.11 ±0.05 cd 0.27 ±0.011 b 1.00 ±0.04 ab 0.12 ±0.005 b 
20 1.02 ±0.04 a 1.40 ±0.06 c 0.31 ±0.013 ab 1.00 ±0.05 ab 0.11 ±0.004 bc 
50 0.41 ±0.02 dc 1.68 ±0.07 b* 0.25 ±0.011 b 0.88 ±0.04 b 0.09 ±0.004 cd 
75 0.75 ±0.03 b 1.73 ±0.07 a* 0.21 ±0.009 c 1.09 ±0.06 a 0.15 ±0.006 a 
90 0.34 ±0.01 c 1.25 ±0.05 c 0.20 ±0.008 c 0.94 ±0.04 ab 0.12 ±0.005 b 
100 0.46 ±0.02 c 1.65 ±0.04 b* 0.34 ±0.014 a 0.91 ±0.05 ab 0.07 ±0.003 d 

Variant B  

Treatment As ±SD 
[mg kg–1] 

Cr ±SD 
[mg kg–1] 

Cd ±SD 
[mg kg–1] 

Ni ±SD 
[mg kg–1] 

Hg ±SD 
[mg kg–1] 

0 1.13 ±0.05 b 0.93 ±0.04 c 0.15 ±0.006 a 1.39 ±0.06 b 0.01 ±0.001 e 
20 1.60 ±0.07 a 1.69 ±0.07 b 0.08 ±0.004 b 1.45 ±0.06 b 0.09 ±0.003 a 
50 1.08 ±0.04 cb 2.41 ±0.10 a 0.09 ±0.004 b 1.97 ±0.08 a 0.07 ±0.003 b 
75 1.00 ±0.04 cb 2.30 ±0.10 a* 0.03 ±0.001 c 1.44 ±0.07 b 0.04 ±0.002 c 
90 0.30 ±0.01 d 2.49 ±0.09 a* 0.04 ±0.002 c 1.56 ±0.06 b 0.02 ±0.001 d 
100 0.92 ±0.04 c 2.12 ±0.06 a 0.09 ±0.004 b 1.66 ±0.04 b 0.05 ±0.002 c 

See Table 4 
 

Table 6 
Linear correlation (Pearson’s correlation coefficient R) 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 (α < 0.05) 
 
In addition to the HM concentrations in the soil and plant biomass samples, we also 

analysed their mutual relationships. Table 6 and Table 7 bring information about 
relationships between the content of particular HMs in the soil and in the plants. The above 
tables present the values of “Pearson’s correlation coefficient R“ among the measured 
parameters. Bold R indicates a significant correlation α < 0.05 The group of experiment that 
was exposed to LED light (Table 6) did not show any positive correlation between the same 
HMs concentration in the soil and in the plant. For example, the R value for As in the soil 
and As in the plant biomass was only 0.28. In terms of significance, only partial 
dependencies were recorded. The soil concentration of As only weakly correlated with Cd 
and Ni in the plant biomass. Cr in the soil positively correlated with As and Cd 
concentrations in the plant samples. The only HM detected in the soil that had no 
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correlation with the concentration in the plant biomass was Cd. Conversely, the 
concentration of Ni exhibited the highest R value (R = 0.81) towards the content of As in 
the plant biomass. 

Apart from the relationships of HMs in the soil and in the plant biomass, we also 
analysed mutual dependencies of all parameters. A complete correlation matrix is presented 
in Supplementary materials to Table S1 for the group with the additional light and in Table 
S2 for the group without the additional light. The concentrations of individual HMs in the 
soil exhibited only strong positive correlations (R > 0.75): As vs Cd, and Cr vs Ni. There 
was no demonstrable negative correlation. As to the content of HMs in the plant biomass, 
only a moderately strong negative correlation (R = –0.6) was found between Cd and Hg, 
and a very strong positive correlation (R = 0.78) between Hg and Ni. 

 
Table 7 

Linear correlation (Pearson´s correlation coefficient R) 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 and in the plant biomass was analysed 

also in the group that was not exposed to LED light (Table 7). We found again no 
correlation between the concentration of particular HMs in the soil and in the plant 
biomass. There were only four demonstrably positive and one negative correlations. One of 
positive correlations was that between the Ni concentration in the biomass of plants and the 
contents of As and Cr in the soil. The correlation was very strong (R = 0.87) in case of Cr. 
Furthermore, a positive correlation and a negative correlation were found between Cr in the 
plant biomass and Ni (R = 0.57) and Hg (R = –0.54) in the soil. 

Similarly, as in the group with LED light, mutual correlations of all parameters were 
analysed also in the group with no LED light (see the correlation matrix in Table S2). 
Provability of correlations among HMs in the soil was similar as in the previous group.  
A positive correlation was found in As vs Cd (R = 0.88) and in Cr vs Ni (R = 0.52).  
The trend was similar as in the group with LED light, only with a lower R value in case of 
Cr vs Ni. Furthermore, a moderately strong (R = 0.62) negative correlation was found 
between the concentration of Hg in the soil and Ni. Other dependencies were not detected. 

As to the correlations of individual HMs in the plant biomass, Group B exhibited 
diametrically different R values than the group with LED light. A strong negative 
correlation (R = –0.79) was found between Cr and Cd. Conversely, moderately strong 
positive correlations were recorded in Hg vs As (R = 0.64) and Ni vs Cr (R = 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 sorption of HMs was studied from the point 
of HM concentration in the plant biomass (Fig. 3) and in the soil samples (Fig. 4). Average 
concentration of HMs in the soil without distinguishing individual experiment variants in 
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terms of irrigation are shown in Figure 2. In Group A (LED), the highest value was 
recorded in Cr (3.68 mg kg–1), demonstrably towards the other HMs. The lowest value was 
detected in Cd (0.10 mg kg–1) and Hg (0.017 mg kg–1). In Group B (no LED), the highest 
value was recorded in Ni (6.8 mg kg–1) and the lowest values were found in Cd (0.09 mg 
kg–1) and Hg (0.013 mg kg–1), i.e. in the same HMs as in Group A. Comparing the groups, 
we found differences only for Ni and Hg. The concentration of Ni in Group B was 
demonstrably higher than that in Group A. Conversely, the concentration of Hg was 
demonstrably lower. The average values are compared in Table 8 with significant 
differences being highlighted. 

 

 
Fig. 3. Average concentrations of HMs in the soil in groups with and without LED photoperiod. Average 

concentrations of HMs in the soil are shown for experimental groups A with LED  
(n = 18) and B with no LED photoperiod (n = 18) ±SD after the end of the experiment. Symbol  
* indicates a significant difference (pair t-test; α < 0.05) in the concentration of individual HMs 
between Group A and Group B 

The measured values (Fig. 3 and Table 8) show that additional LED lighting had no 
clear influence on the concentration of HMs in the soil. This is evident from the values 
listed in Table 8, where the results of the pair t-test. Above all this assumption was to be 
confirmed by two-way ANOVA combined with the multivariate significance test whose 
results are presented in Table S3. One of the important goals of the laboratory experiment 
was to analyse the influence of leachate concentrations in irrigation water and additional 
light. A graphical representation of the performed analysis from which it is obvious that 
neither factor dominated is shown in Figure 4. The Shapiro-Wilk test revealed that the 
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supplement of leachates affected the concentration of HMs in the soil. α-value was smaller 
than 0.000000002 and in case of additional LED light it was α < 0.000000020. Therefore, it 
follows that the effect of the two factors on the concentration of HMs in the soil was 
similar. 

 

 
Fig. 4. Comparison of the effect of leachates and lighting on the concentration of HMs in the soil. 

Results of two-way ANOVA are shown as decomposition of effective hypothesis. Vertical lines 
represent confidence intervals at a level of α = 0.95 

Table 8 
Comparison of average HM concentrations in the soil samples in dependence on light intensity using pair t-test 

Variable 
Average 
(LED) 

Average 
(w/o LED) t α 

n 
(LED) 

n 
(w/o LED) 

SD 
(LED) 

SD 
(w/o LED) F 

As SOIL 
[mg kg–1] 

2.001 1.9956 0.1095 0.9134 18 18 0.1848 0.1103 2.81 

Cr SOIL 
[mg kg–1] 

3.6819 3.2231 1.7441 0.0902 18 18 0.7009 0.8685 1.54 

Cd SOIL 
[mg kg–1] 

0.1029 0.0987 1.4575 0.1541 18 18 0.0107 0.0060 3.23 

Ni SOIL 
[mg kg–1] 

2.3203 6.8524 –3.4490 0.0015 18 18 2.1375 5.1488 5.80 

Hg SOIL 
[mg kg–1] 

0.0171 0.0133 3.5764 0.0011 18 18 0.0042 0.0016 6.65 

Significant differences between Group A - LED and Group B - w/o LED (no LED photoperiod) are in bold  
(α < 0.05). α = level of significance at which the significant difference was found, t = test criterion value,  
F = ratio of the variances of data sets from Group A and Group B, n = range of the analysed set of data,  
SD = standard deviation of these sets 
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The concentration of HMs in the plant biomass was analyzed from the point of total 
average concentration in the group without the additional light (A) and in the group with 
the additional light (B). The measured values show (Fig. 5) that the concentrations of 
selected HMs (As, Cr, Cd, Ni, Hg) differed between the two groups. Group B exhibited 
demonstrably higher concentrations of As (1.01 mg kg–1), Cr (1.99 mg kg–1) and Ni  
(1.57 mg kg–1). Concentrations of Hg (0.11 mg kg–1) and Cd (0.26 mg kg–1) were 
demonstrably higher in Group A. From the statistical point of view, the effect of additional 
light was different for the individual HMs. The analysis of average HM concentrations in 
the plant biomass is summarized in Table 9 where pair t-test results are shown. 

 

 
Fig. 5. Average HM concentrations in the plant biomass in groups with and without LED photoperiod. 

Average values of HM concentrations in the plant biomass are presented for individual 
experimental groups A with LED (n = 18) and B without LED (n = 18) ±SD after the end of the 
experiment. Symbol * indicates a significant difference (pair t-test; α < 0.05) in the concentration 
of particular HMs between Group A and Group B 

The influence of individual factors on the concentration of HMs in the plant biomass 
was analysed similarly as in case of their influence in the soil. The recorded values show 
(Fig. 5 and Table 9) that the concentrations of HMs differed between the groups with the 
additional LED light and without it. In order to confirm the assumption, two-ways ANOVA 
was performed in combination with the multivariate significance test whose results are 
presented in Table S4 and graphically shown in Figure 6 illustrating the influence of 
individual factors on the concentration of HMs in the biomass of plants. The analysis shows 
that the factor of using leachates affected (α < 0.001) the total concentration of HMs in the 
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plant biomass. Its effect on the sorption of individual HMs was however lower than the 
effect of additional lighting (α < 0.001). 

 

 
Fig. 6. Comparison of the effect of leachate and additional light on the concentration of HMs in the plant 

biomass. Results of two-way ANOVA are shown as decomposition of effective hypothesis. 
Vertical lines represent confidence intervals at a level of α = 0.95 

Table 9 
Comparison of average HM concentrations in the plant biomass in dependence on light intensity using pair t-test 

Variable Average 
(LED) 

Average 
(w/o 
LED) 

t α n 
(LED) 

n 
(w/o 
LED) 

SD 
(LED) 

SD 
(w/o 
LED) 

F 

As 
PLANT 

[mg kg–1] 
0.5451 1.0039 –4.0494 0.000281 18 18 0.2664 0.4001 2.26 

Cr 
PLANT 

[mg kg–1] 
1.4701 1.9880 –3.5196 0.001252 18 18 0.2535 0.5704 5.06 

Cd 
PLANT 

[mg kg–1] 
0.2636 0.0812 11.4352 0.000001 18 18 0.0529 0.0420 1.59 

Ni 
PLANT 

[mg kg–1] 
0.9689 1.5787 –10.6929 0.000001 18 18 0.0904 0.2244 6.17 
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Variable 
Average 
(LED) 

Average 
(w/o 
LED) 

t α 
n 

(LED) 

n 
(w/o 
LED) 

SD 
(LED) 

SD 
(w/o 
LED) 

F 

Hg 
PLANT 

[mg kg–1] 
0.1097 0.0480 6.7447 0.000001 18 18 0.0252 0.0295 1.37 

Significant differences between Group A - LED and Group B - w/o LED (no LED photoperiod) are in bold  
(α < 0.05).  α = level of significance at which the significant difference was found, t = test criterion value,  
F = ratio of the variances of data sets from Group A and Group B, n = range of the analysed set of data,  
SD = standard deviation of these sets 

Enrichment coefficient for the plant/soil system 

EC values (Eq. 1) were calculated based on the resulting HM concentrations in the 
samples of soil and plant biomass. Results of EC were then evaluated according to the 
classification presented in Table 2 and divided into Group A (LED) and Group B (no LED). 

 
Table 10 

Enrichment coefficient, EC [-], for the plant/soil system - Group A with LED 

Tested 
concentration ECAs ECCr ECCd ECNi ECHg 

0 0.15 0.27 2.70 1.01 4.00 
20 0.50 0.29 3.10 0.15 11.00 
50 0.21 0.57 2.27 0.83 4.50 
75 0.37 0.53 2.10 0.76 15.00 
90 0.18 0.38 2.00 0.45 6.00 
100 0.22 0.47 3.40 0.61 3.50 

 
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 

 
All tested leachate proportions (0 % - 100 %) in Group A with LED exhibited EC 

values for As and Cr ranging from 0.1 to 1.0 moderately accumulator plants (Table 10), 
indicating a mild degree of HM accumulation by the model plant (Sinapis alba L.).  
Ni reached these EC values at concentrations 20-100, and the standard (“0”) EC exhibited  
a concentration of 1.01, i.e. high accumulation by plant. The high rate of accumulation  
(EC 1-10) was recorded in all tested concentrations of Cd and Hg as well as Ni in the 
control sample (standard). The tested samples in all experimental variants (at all leachate 
concentrations) exhibited accumulation capacity for HMs (EC 0.15- 15), i.e. for As, Cr, Cd, 
Ni and Hg. 

 
Table 11 

Enrichment coefficient, EC [-],  for the plant/soil system - Group B (no LED) 

Tested  
concentration ECAs ECCr ECCd ECNi ECHg 

0 0.57 0.31 1.50 1.30 0.50 
20 0.81 0.60 0.80 0.33 9.00 
50 0.53 0.48 0.90 0.15 7.00 
75 0.50 0.84 0.30 0.11 4.00 
90 0.15 0.88 0.40 0.80 2.00 
100 0.46 0.74 0.90 0.24 5.00 
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EC results for Group B with no LED indicated a lower rate of accumulation in all 
tested concentrations as compared with Group A. A high rate of accumulation (EC 1-10) 
was exhibited by the heavy metals only in the control variant “0”: Cd (1.5), Ni (1.3) and 
also Hg in the tested concentrations 20 - 100 (2.00 - 9.00). All tested variants (leachate 
concentrations in irrigation water 0 % - 100 %) without LED exhibited EC values for As 
and Cr ranging from 0.1-1.0, i.e. a mild degree of accumulation by the plant. The mild 
degree of accumulation (EC  < 1) was also exhibited by Cd and Ni in concentrations 20-100 
and Hg in the control variant (“0“). 

Discussion 

Analysis of leachates 

HM concentrations in the tested leachates were very high, in all cases exceeding 
several times limits set by the World Health Organisation (WHO) [67, 68] for waste water 
(effluents) used in agriculture (Table 12). It is therefore obvious that they represent 
considerably contaminated waste water which has to be adequately managed to prevent 
environment pollution. Thus, leachate water captured from the landfill cannot be disposed 
for example for irrigating arable land during the cultivation of conventional crops (cereals, 
vegetables, legumes, etc.). This is also why the leachates were used in the presented 
laboratory experiment. Together with Pb and Zn, Cd, Cr and Ni are the main HMs in 
leachates from landfills [69]. The measured HMs concentrations are high but it should be 
borne in mind that leachates originate from the whole landfill body (in our case from the 
landfill volume of 569 000 m3) coming to existence due to rain water infiltration [8]. Thus, 
created leachates have to be caught on the landfills by insulating layer and stored in 
impervious sumps before disposal [8, 69]. An option for the disposal of these hazardous 
leachates is offered therefore in using the process of phytoextraction or phytoremediation 
[31, 35] by plants that would have a sufficient capability to absorb HMs contained in 
landfill leachates. 

 
Table 12 

Comparison of measured HM values and permissible limits of selected heavy metal ions in waste water according 
to WHO standards [67, 68] 

Heavy metals Measured value 
[µg L–1] 

WHO limit 
[µg L–1] 

Differences 
[µg L–1] 

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 waters is necessary to determine  

a potential risk posed by disturbance of landfill insulation layers and by their leakage 
outside sumps [70, 71]. When rain water, groundwater or other precipitations get into the 
landfill, they can dissolve and transport substances occurring in the waste. Result of the 
process are seepage waters with contaminants such as heavy metals (e.g. lead, mercury, 
cadmium), organic chemicals (e.g. pesticides, solvents) or microorganisms which may 
penetrate to groundwater, depending on landfill security and age [72]. Contaminants that 
can migrate into groundwaters are heavy metals which may be present in batteries, 
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electronic equipment, chemical products, and may contaminate water for a very long time. 
Organic contaminants (e.g. pesticides, herbicides, PCB) pose another risk as they can be 
toxic to aquatic organisms and represent a health risk to human population, particularly if 
they get into drinking water. Another risk is ammonia and nitrate compounds from organic 
waste products, which may lead to eutrophication of water sources and impair quality of 
water [70-73]. Research conducted in the past in the locality of MSW Kuchynky landfill  
was focused on monitoring the movement of hazardous substances (e.g. HMs) within the 
landfill body. The research was described in Adamcova et al. [72] and Vaverkova et al. 
[73]. The two studies confirmed potentially hazardous substances occurring in the MSW 
landfill body that could be contained in leachates. On the other hand, data from these 
scientific works [72, 73] demonstrated no leakage of any hazardous substances from the 
MSW Kuchynky landfill body into the surrounding environment (farmland), the main 
reason of such a result being tightness of landfill insulation and functionality of drainage 
system including retention tanks. This system retains all leachates, thus preventing  
a potential leakage of hazardous substances outside the body of the MSW Kuchynky 
landfill.      

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

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

Therefore, we assume that these would be partly corresponded to also by the EC value 
and by the concentrations of selected HMs in the plant biomass. However, this does not 
explain why a significant decline in the concentration of HMs in plants occurred in variants 
of 90 % and 100 %. Sayago et al. [75] maintain that the efficiency of the elimination of 
heavy metals depends on and is at the same time limited by the exchange of cations 
between hydroxyl groups and carboxyl groups present in biomass. More precisely, that 
each plant has a certain capacity and potential to absorb a specific HM [39, 66, 75]. 
Therefore, we can state that the presented results indicate exceeded limit values of HM 
concentration in irrigation water, which the plants of Sinapis alba L. were able to 
incorporate into their biomass. The situation is similar to that of soil with the excessive 
input of nutrients of which the soil and microorganisms in the soil are able to catch only  
a part which is then made available to plants. The remaining part is lost through flushing 
from the soil [73, 76]. Presumably, an excessive amount of HMs could have been partly 
flushed out also in our experiment. A similar conclusion was reported also by Kacalkova  
et al. [77] who inform that differences in the accumulation of HMs (Cd, Zn and Hg) into the 
biomass of different plant species are primarily affected by the total concentration of these 
HMs in the soil. On the other hand, Turan and Esringu [78] consider crucial the 
bioavailability of specific HMs in the soil, which primarily affects their absorption from the 
soil environment (rhisosphere) into roots and leaves of plants realising phytoremediation. 
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We also analysed the effect of additional light (LED) on the concentration of HMs in 
the soil and plant biomass samples. Designing the experiment, we assumed that light 
intensity greater than the natural daylight would result in the increased sorption of HMs by 
the model plant and hence in the decreased concentration of HMs in the soil (alternative 
hypothesis H1). Comparing only the values of HM concentration in the soil or in the plant 
biomass, we would have to reject the H1 hypothesis in most variants in spite of the fact that 
a demonstrably positive influence of the LED photoperiod on the concentration of HMs in 
the soil samples was not demonstrated and a positive influence in case of plant biomass 
samples was recorded only in Cd and Hg. It is therefore possible to state that the LED 
photoperiod contributed to the increased concentration of HMs in the plant biomass only in 
some HMs. Thus, the statistical hypothesis H0 could not be rejected and the alternative H1 
hypothesis could not be fully confirmed. The measured values are partly in contradiction to 
the findings of Kwon et al. [57] who found a positive effect of LED leading to increased 
extractability of HMs from the soil. If we focus also on the results of two-way ANOVA 
(Fig. 3 and Fig. 5), it is clear that in the soil samples, the concentration of leachates in 
irrigation water had a higher influence (factor) on the concentration of HMs in the soil than 
on the concentration of HMs in the plant biomass. This brings us to assumption that Sinapis 
alba L. exhibited an increased susceptibility to the sorption of selected HMs, for example 
Cd and Hg as compared with the other HMs (As, Cr and Ni). According to Vasile et al. 
[62], Sayago et al. [75] and, Evangelou et al. [79] Fargasova [80], Sinapis alba L. has  
a high capacity of binding Cd and Hg as compared for example with As and Cr, while 
retaining tolerance - endurance to the other HMs although it is not able to bind them into 
plant tissues so effectively as it is able to bind Cd. 

Another possibility to compare the effect of LED photoperiod is to use the Enrichment 
coefficient for the plant/soil system (Table 10 and Table 11). During the action of LED, 
higher EC values were recorded, which is relatively interesting because if we compare the 
average values of HMs in the plant biomass (Table 9) and in the soil samples (Table 8), we 
can see they are balanced. The concentrations of HMs in the plant biomass were higher in 
Group A (LED) for Cd and Hg. Conversely, in case of As, Cr and Ni, the concentrations 
were higher in the other experimental group. Therefore, it is not possible to determine 
clearly whether the LED technology had a positive influence on the deposition of HMs into 
the plant biomass or whether it only supported the sorption of HMs to which the model 
plant has greater susceptibility. 

Nevertheless, EC values (Table 10 and 11) indicate that if the residual concentration of 
HMs in the soil after the end of the experiment and the amount of HMs absorbed in the 
plant biomass are taken into account, the LED light increased the capacity of plants to bind 
HMs. According to Malayeri et al. [66], values between 0.1 - 1.0 are characteristic of 
moderately accumulator plants and values > 1 are characteristic of high accumulator plants. 
When the LED photoperiod was used, all HMs exhibited EC values > 0.1 and for Cd, Hg 
and Ni (only in the control variant) even values > 1. On the other hand, the group without 
the LED photoperiod exhibited EC < 1 for a majority of HMs; only Cd and Ni in the 
control variant showed values > 1. The EC value of 1 was exceeded in Hg in variants with 
the concentrations of leachates in irrigation water ranging from 20 % - 100 %.  
The measured EC values similar in the two groups (with/without LED) confirm the higher 
susceptibility of Sinapis alba L. for binding Cd and Hg in its biomass, which was also 
corroborated by Vasile et al. [62], Evangelou et al. [79] and Fargasova [80]. The EC values 
show that Sinapis alba L. can bind also As, Cr and Ni; however, at a lower effectiveness 
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with this effectiveness not being increased by the LED technology. Last but not least,  
EC values were the highest in the group with the LED photoperiod, enhancing the sorption 
of Cd and Hg whose effectiveness was the highest in the model plant. 

Conclusion 

The presented study is focused on the issue of phytoremediation and its higher 
effectiveness using a plant stimulated to phytoremediation by LED light. There were two 
main goals of the research: (1) to determine the effect of additional LED light on the 
phytoremediation potential of the model plant, and (2) to determine the effect of leachate 
concentration in irrigation water on the concentration of heavy metals in the soil and plant 
biomass samples. These two goals should result in new findings about phytoremediation, 
which could be further used for technologies of root wastewater treatment plants. 

Designing the experiment, we assumed that the light intensity of individual 
experimental variants increased beyond natural daylight would lead to the increased 
sorption of heavy metals by the model plant and hence to the reduced concentration of 
heavy metals in the soil (= alternative hypothesis H1). The measured values did not 
demonstrate a full impact of LED light on increased sorption of all heavy metals by the 
model plant Sinapis alba L. Such an effect was demonstrated only in Cd and Hg.  
The measured values are not significant enough to reject the zero hypothesis and to confirm 
the alternative hypothesis on their basis. 

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

The measured values indicate that following research studies will have to involve 
different types of LED lights and model plants. As to the efficiency of phytoremediation, 
we have to find out what is the response of different plant species to the stimulation by 
LED light. The following research will have to be focused on a potential influence of LED 
light constructions in terms of light spectrum they radiate on the metabolic processes in the 
given plants. Further tests will, however, need experimental design modification so that  
a variant without the model plant is included. Values from this variant (only the soil 
irrigated with leachates) could provide a better explanation for the effect of growing 
Sinapsis alba L. on the sorption of HMs from the soil. Advanced LED technologies can 
simulate sunshine and also blue light which is necessary for photosynthesis, red light for the 
growth of plants, UV and violet radiation which affects the capacity of plants to create 
pigments. There are, however, considerable differences among the individual LED 
technologies (grow panels; grow reflectors, grow bulbs etc.) in spectral ratios, i.e. that these 
technologies are able to generate electromagnetic radiation of different wave lengths.  
We believe that a further research of the interconnection of LED technology and 
phytoremediation can contribute to the development of environment-friendly methods used 
in the treatment of waste waters of diverse origin. 



D. Adamcová, A. Kintl, I. Huňady, J. Sobotková, V. Lukas, V. Smutný and J. Elbl 

 

80 

Acknowledgements 

This work was supported within the framework of institutional support MZE-RO1724. 
Above all, the authors thank Ing. Ondřej Šindelář for his cooperation on laboratory 
analyses. 

References 
[1] Vaverková M. Landfill Impacts on the Environment - Review. Geosciences 2019;9:431. DOI: 

10.3390/geosciences9100431. 
[2] Ren S, Zhang L, Zhang Q, Zhang F, Jiang H, Li X, et al. Anammox-mediated municipal solid waste leachate 

treatment: A critical review. Bioresource Technol. 2022;361:127715. DOI: 10.1016/j.biortech.2022.127715. 
[3] Wijekoon P, Koliyabandara PA, Cooray AT, Lam SS, Athapattu BC, Vithanage M, et al. Progress and 

prospects in mitigation of landfill leachate pollution: Risk, pollution potential, treatment and challenges.  
J Hazard Mater. 2022;421:126627. DOI: 10.1016/j.jhazmat.2021.126627. 

[4] Gonzalez-Valencia R, Magana-Rodriguez F, Cristóbal J, Thalasso F. Hotspot detection and spatial 
distribution of methane emissions from landfills by a surface probe method. Waste Manage.  
2016;55:299-305. DOI: 10.1016/j.wasman.2016.03.004. 

[5] Feng SJ, Chen ZW, Chen HX, Zheng QT, Liu R. Slope stability of landfills considering leachate 
recirculation using vertical wells. Eng Geol. 2018;241:76-85. DOI: 10.1016/j.enggeo.2018.05.013. 

[6] Jovanov D, Vujić B, Vujić G. Optimization of the monitoring of landfill gas and leachate in closed 
methanogenic landfills. J Environ Manage. 2018;216:32-40. DOI: 10.1016/j.jenvman.2017.08.039. 

[7] Varjani S, Shahbeig H, Popat K, Patel Z, Vyas S, Shah AV, et al. Sustainable management of municipal 
solid waste through waste-to-energy technologies. Bioresource Technol. 2022;355:127247. DOI: 
10.1016/j.biortech.2022.127247. 

[8] Vaverková MD, Elbl J, Koda E, Adamcová D, Bilgin A, Lukas V, et al. Chemical composition and 
hazardous effects of leachate from the active municipal solid waste landfill surrounded by farmlands. 
Sustainability. 2020;12:4531. DOI: 10.3390/su12114531. 

[9] Wang YN, Shi H, Wang Q, Wang H, Sun Y, Li W, et al. Insights into the landfill leachate properties and 
bacterial structure succession resulting from the colandfilling of municipal solid waste and incineration 
bottom ash. Bioresource Technol. 2022;361:127720. DOI: 10.1016/j.biortech.2022.127720. 

[10] Vaverková MD, Adamcová D, Winkler J, Koda E, Červenková J, Podlasek A. Influence of a municipal solid 
waste landfill on the surrounding environment: Landfill vegetation as a potential risk of allergenic pollen. Int 
J Environ Res Public Health. 2019;16:5064. DOI: 10.3390/ijerph16245064. 

[11] Cheng Z, Zhu S, Chen X, Wang L, Lou Z, Feng L. Variations and environmental impacts of odor emissions 
along the waste stream. J Hazard Mater. 2020;384:120912. DOI: 10.1016/j.jhazmat.2019.120912. 

[12] Liu H, Yang P, Peng Y, Li L, Liu G, Wang X, et al. Pollution in the interflow from a simple landfill in  
a mountainous and hilly area in Southwest China. Sci Total Environ. 2021;793:148656. DOI: 
10.1016/j.scitotenv.2021.148656. 

[13] Srivastava AN, Chakma S. Dry tomb-bioreactor landfilling approach for enhanced biodegradation and 
biomethane generation from municipal solid waste co-disposed with sugar mill pressmud. Bioresource 
Technol. 2021;342:125895. DOI: 10.1016/j.biortech.2021.125895. 

[14] Xie Y, Xue J, Gnanendran CT, Xie K. Geotechnical properties of fresh municipal solid wastes with  
different compositions under leachate exposure. Waste Manage. 2022;149:207-17. DOI: 
10.1016/j.wasman.2022.06.020. 

[15] Wei Z, Xu T, Zhao D. Treatment of per-and polyfluoroalkyl substances in landfill leachate: status, chemistry 
and prospects. Environ Sci Water Res Technol. 2019;5:1814-35. DOI: 10.1039/c9ew00645a. 

[16] Jones DL, Williamson KL, Owen AG. Phytoremediation of landfill leachate. Waste Manage.  
2006;26:825-37. DOI: 10.1016/j.wasman.2005.06.014. 

[17] Madera-Parra CA, Pena-Salamanca EJ, Pena MR, Rousseau DPL, Lens PNL. Phytoremediation of landfill 
leachate with Colocasia esculenta, Gynerum sagittatum and Heliconia psittacorum in constructed wetlands. 
Int J Phytoremediat. 2015;17:16-24. DOI: 10.1080/15226514.2013.828014. 

[18] Lindamulla LMLK, Jayawardene NKR, Wijerathne WSMKS, Othman M, Nanayakkara KGN, Jinadasa 
KBSN, et al. Treatment of mature landfill leachate in tropical climate using membrane bioreactors with 
different configurations. Chemosphere. 2022;307:136013. DOI: 10.1016/j.chemosphere.2022.136013. 

[19] Yu D, Pei Y. Persulfate-enhanced continuous flow three-dimensional electrode dynamic reactor for 
treatment of landfill leachate. J Environ Manage. 2022;321:115890. DOI: 10.1016/j.jenvman.2022.115890. 



Light assisted phytoextraction of landfill leachate: An effective tool to attenuate pollutants … 

 

81

[20] Anand N, Palani SG. A comprehensive investigation of toxicity and pollution potential of municipal solid 
waste landfill leachate. Sci Total Environ. 2022;838:155891. DOI: 10.1016/j.scitotenv.2022.155891. 

[21] Brennan RB, Healy MG, Morrison L, Hynes S, Norton DC, Clifford E. Management of landfill leachate: 
The legacy of European Union Directives. Waste Manage. 2016;55:355-63. DOI: 
10.1016/j.wasman.2015.10.010. 

[22] Budi S, Suliasih BA, Othman MS, Heng LZ, Surif S. Toxicity identification evaluation of landfill leachate 
using fish, prawn and seed plant. Waste Manage. 2016;55:231-7. DOI: 10.1016/j.wasman.2015.09.022. 

[23] Da Costa FM, Daflon SDA, Bila DM, da Fonseca FV, Campos JC. Evaluation of the biodegradability and 
toxicity of landfill leachates after pretreatment using advanced oxidative processes. Waste Manage. 
2018;76:606-13. DOI: 10.1016/j.wasman.2018.02.030. 

[24] Ergene D, Aksoy A, Sanin FD. Comprehensive analysis and modeling of landfill leachate. Waste Manage. 
2022;145:48-59. DOI: 10.1016/j.wasman.2022.04.030. 

[25] Yan H, Cousins IT, Zhang C, Zhou Q. Perfluoroalkyl acids in municipal landfill leachates from China: 
occurrence, fate during leachate treatment and potential impact on groundwater. Sci Total Environ. 
2015;524-525:23-31. DOI: 10.1016/j.scitotenv.2015.03.111. 

[26] Fuertes I, Gómez-Lavín S, Elizalde MP, Urtiaga A. Perfluorinated alkyl substances (PFASs) in northern 
Spain municipal solid waste landfill leachates. Chemosphere. 2017;168:399-407. DOI: 
10.1016/j.chemosphere.2016.10.072. 

[27] Putra RS, Hastika FY. Removal of heavy metals from leachate using electro-assisted phytoremediation 
(EAPR) and up-take by water hyacinth (Eichornia crassipes). Indones J Chem. 2018;18:306-12. DOI: 
10.22146/ijc.29713. 

[28] Saxena V, Padhi SK, Dikshit PK, Pattanaik L. Recent developments in landfill leachate treatment: Aerobic 
granular reactor and its future prospects. Environ Nanotechnol Monit Manage. 2022;18:100689. DOI: 
10.1016/j.enmm.2022.100689. 

[29] Nevel L, Martens J, Oarts K, Verheyen K. Phytoextraction of metals from soils: How far from practice? 
Environ Pollut. 2007;150:34-40. DOI: 10.1016/j.envpol.2007.05.024. 

[30] Elbl J, Lukas V, Sobotková J, Huňady I, Kintl A. Effect of drought on the development of Deschampsia 
caespitosa (L.) and selected soil parameters during a three-year lysimetric experiment. Life. 2023;13:745. 
DOI: 10.3390/life13030745. 

[31] Wang X, Li QX, Heidel M, Wu Z, Yoshimoto A, Leong G, Pan D, Ako H. Comparative evaluation of 
industrial hemp varieties: Field experiments and phytoremediation in Hawaii. Ind Crops Prod. 
2021;170:113683. DOI: 10.1016/j.indcrop.2021.113683. 

[32] Lasat MM. Phytoextraction of toxic metals. A review of biological mechanisms. J Environ Qual. 
2002;31:109-20. DOI: 10.2134/jeq2002.1090. 

[33] Soudek P, Petrová Š, Vaňková R, Song J, Vaněk T. Accumulation of heavy metals using Sorghum sp. 
Chemosphere. 2014;104:15-24. DOI: 10.1016/j.chemosphere.2013.09.079. 

[34] Li Y, Ma J, Li Y, Xiao C, Shen X, Chen J, et al. Nitrogen addition facilitates phytoremediation of PAH-Cd 
cocontaminated dumpsite soil by altering alfalfa growth and rhizosphere communities. Sci Total Environ. 
2022;806:150610. DOI: 10.1016/j.scitotenv.2021.150610. 

[35] Mayakaduwage S, Ekanayake A, Kurwadkar S, Rajapaksha AU, Vithanage M. Phytoremediation prospects 
of per- and polyfluoroalkyl substances: A review. Environ Res. 2022;212:113311. DOI: 
10.1016/j.envres.2022.113311. 

[36] Kintl A, Šmeringai J, Sobotková J, Huňady I, Brtnický M, Hammerschmiedt T, et al. Potential for the 
accumulation of PTEs in the biomass of Melilotus albus Med. used for biomethane production. Appl Sci. 
2023;13:4223. DOI: 10.3390/app13074223. 

[37] He T, Zhang M, Baosheing J. Insight into the synergistic effect and products distribution during co-pyrolysis 
of phytoremediation residue and municipal sewage sludge through experiment and reaction force field 
simulation. Fuel. 2023;333:126326. DOI: 10.1016/j.fuel.2022.126326. 

[38] Pandey VC, Bajpai O, Singh N. Energy crops in sustainable phytoremediation. Renew Sust Energy Rev. 
2016;54:58-73. DOI: 10.1016/j.rser.2015.09.078. 

[39] Vaverková MD, Zloch J, Adamcová D, Radziemska M, Vyhnánek T, Trojan V, et al. Landfill leachate 
effects on germination and seedling growth of hemp cultivars (Cannabis sativa L.). Waste Biomass Valor. 
2019;10:369-76. DOI: 10.1007/s12649-017-0058-z. 

[40] Ojuederie OB, Babalola OO. Microbial and plant-assisted bioremediation of heavy metal polluted 
environments: A review. Int J Environ Res Public Health. 2017;14:1504. DOI: 10.3390/ijerph14121504. 

[41] Burges A, Oustriere N, Galende M, Marchand L, Bes CM, Paidjan E, et al. Phytomanagement with grassy 
species, compost and dolomitic limestone rehabilitates a meadow at a wood preservation site. Ecol Eng. 
2021;160:106132. DOI: 10.1016/j.ecoleng.2020.106132. 



D. Adamcová, A. Kintl, I. Huňady, J. Sobotková, V. Lukas, V. Smutný and J. Elbl 

 

82 

[42] Timalsina H, Gyawali T, Ghimire S, Paudel SR. Potential application of enhanced phytoremediation for 
heavy metals treatment in Nepal. Chemosphere. 2022;306:135581. DOI: 
10.1016/j.chemosphere.2022.135581. 

[43] OECD. Test No. 208: Terrestrial Plant Test: Seedling Emergence and Seedling Growth Test, OECD 
Guidelines for the Testing of Chemicals, Section 2. Paris: OECD Publishing, 2006. DOI: 
10.1787/9789264070066-en.  

[44] Hernández A, Loera N, Contreras M, Fischer L, Sánchez D. Comparison between Lactuca sativa L. and 
Lolium perenne: Phytoextraction Capacity of Ni, Fe, and Co from Galvanoplastic Industry. In: Wang T,  
et al. Energy Technology 2019. The Minerals, Metals Materials Series. Cham: Springer; DOI:  
10.1007/978-3-030-06209-5_14. 

[45] Luo J, Cao M, Zhang C, Wu J, Gu XWS. The influence of light combination on the physicochemical 
characteristics and enzymatic activity of soil with multi-metal pollution in phytoremediation. J Hazard 
Mater. 2020;393:122406. DOI: 10.1016/j.jhazmat.2020.122406. 

[46] Bagheri M, Al-jabery K, Wunsch DC, Burken JG. A deeper look at plant uptake of environmental 
contaminants using intelligent approaches. Sci Total Environ. 2019;651:561-9. DOI: 
10.1016/j.scitotenv.2018.09.048. 

[47] Ehsan S, Ali S, Noureen S, Mahmood K, Farid M, Ishaque W, et al. Citric acid assisted phytoremediation  
of cadmium by Brassica napus L. Ecotox Environ Safety. 2014;106:164-72. DOI: 
10.1016/j.ecoenv.2014.03.007. 

[48] Ma P, Bai TH, Wang XQ, Ma FW. Effects of light intensity on photosynthesis and  
photoprotective mechanisms in apple under progressive drought. J Integr Agric. 2015;14:1755-66. DOI: 
10.1016/S2095-3119(15)61148-0. 

[49] Dong C, Fu Y, Liu G, Liu H. Growth, photosynthetic characteristics, antioxidant capacity and biomass yield 
and quality of wheat (Triticum aestivum L.) exposed to LED light sources with different spectra 
combinations. J Agron Crop Sci. 2014;200:219-30. DOI: 10.1111/jac.12059. 

[50] Levine LH, Paré PW. Antioxidant capacity reduced in scallions grown under elevated CO2 independent of 
assayed light intensity. Adv Space Res. 2009;44:887-94. DOI: 10.1016/j.asr.2009.06.017. 

[51] Ning W, Yang Y, Chen W, Li R, Cao M, Luo J. Effect of light combination on the characteristics of 
dissolved organic matter and chemical forms of Cd in the rhizosphere of Arabidopsis thaliana involved in 
phytoremediation. Ecotoxicol Environ Safety. 2022;231:113212. DOI: 10.1016/j.ecoenv.2022.113212. 

[52] Loi M, Villani A, Paciolla F, Mulè G, Paciolla C. Challenges and opportunities of light-emitting diode 
(LED) as key to modulate antioxidant compounds in plants. A review. Antioxidants. 2020;10:42. DOI: 
10.3390/antiox10010042. 

[53] Fu Y, Li HY, Yu J, Liu H, Cao ZY, Manukovsky NS, Liu H. Interaction effects of light intensity and 
nitrogen concentration on growth, photosynthetic characteristics and quality of lettuce (Lactuca sativa L. var. 
youmaicai). Sci Hortic. 2017;214:51-7. DOI: 10.1016/j.scienta.2016.11.020. 

[54] Atta M, Idris A, Bukhari A, Wahidin S. Intensity of blue LED light: A potential stimulus for biomass and 
lipid content in fresh water microalgae Chlorella vulgaris. Bioresource Technol. 2013;148:373-8. DOI: 
10.1016/j.biortech.2013.08.162. 

[55] Choi YK, Kumaran RS, Jeon HJ, Song HJ, Yang YH, Lee SH, et al. LED light stress induced biomass and 
fatty acid production in microalgal biosystem, Acutodesmus obliquus. Spectrochim Acta A Mol Biomol 
Spectrosc. 2015;145:245-53. DOI: 10.1016/j.saa.2015.03.035. 

[56] Santa-Cruz J, Robinson B, Krutyakov YA, Shapoval OA, Peñaloza P, Yáñez C, et al. An assessment of the 
feasibility of phytoextraction for the stripping of bioavailable metals from contaminated soils. Environ 
Toxicol Chem. 2022;42:558-65. DOI: 10.1002/etc.5554. 

[57] Kwon HK, Jeon JY, Oh SJ. Potential for heavy metal (copper and zinc) removal from contaminated marine 
sediments using microalgae and light emitting diodes. Ocean Sci J. 2017;52:57-66. DOI:  
10.1007/s12601-017-0001-z. 

[58] Koopmans GF, Römkens PFAM, Fokkema MJ, Song J, Luo YM, Japenga J, et al. Feasibility of 
phytoextraction to remediate cadmium and zinc contaminated soils. Environ Pollut. 2008;156:905-14. DOI: 
10.1016/j.envpol.2008.05.029. 

[59] ČSN EN ISO 11885. Water quality - Determination of selected elements by inductively coupled plasma 
optical emission spectrometry (ICP-OES). Geneva: ISO - International Organization for Standardization; 
2007. Available from: https://seznamcsn.agentura-cas.cz/Vysledky.aspx. 

[60] ČSN 75 7440. Water quality - Determination of total mercury by thermal decomposition, amalgamation and 
atomic absorption spectrometry. Praha: Czech Standardization Agency; 1999. Available from: 
https://seznamcsn.agentura-cas.cz/Vysledky.aspx.  



Light assisted phytoextraction of landfill leachate: An effective tool to attenuate pollutants … 

 

83

[61] Šourková M, Adamcová D, Zloch J, Skutnik Z, Vaverkova MD. Evaluation of the phytotoxicity of leachate 
form a municipal solid waste landfill: The case study of Bukov landfill. Environments. 2020;7:111.  DOI: 
10.3390/environments7120111.  

[62] Vasile GG, Tenea AG, Dinu C, Iordache AMM, Gheorghe S, Mureseanu M, et al. Bioavailability, 
accumulation and distribution of toxic metals (As, Cd, Ni and Pb) and their impact on Sinapis alba plant 
nutrient metabolism. Int J Environ Res Public Health. 2021;18:12947. DOI: 10.3390/ijerph182412947. 

[63] Palm ER, Nissim WG, Adamcová D, Podlasek A, Jakimiuk A, Vaverková MD. Sinapis alba L. and Triticum 
aestivum L. as biotest model species for evaluating municipal solid waste leachate toxicity. J Environ 
Manage. 2022;302:114012. DOI: 10.1016/j.jenvman.2021.114012. 

[64] Lu W, Li Z, Shao Z, Zheng C, Zou H, Zhang J. Lead tolerance and enrichment characteristics of several 
ornamentals under hydroponic culture. Bull Environ Contam Toxicol. 2020;105:166-72. DOI: 
10.1007/s00128-020-02905-x. 

[65] Ahmad A. Phytoremediation of heavy metals and total petroleum hydrocarbon and nutrients enhancement of 
Typha latifolia in petroleum secondary effluent for biomass growth. Environ Sci Pollut Res.  
2022;29:5777-86. DOI: 10.1007/s11356-021-16016-5. 

[66] Malayeri BE, Chehregani A, Yousefi N, Lorestani B. Identification of the hyper accumulator plants in 
copper and iron mine in Iran. Pak J Biol Sci. 2008;11:490-2. DOI: 10.3923/pjbs.2008.490.492. 

[67] Ayeni O. Assessment of heavy metals in wastewater obtained from an industrial area in Ibadan, Nigeria. 
RMZ - Materials and the Geoenvironment. 2014;61:19-24.  URN:NBN:SI:doc-J42FIJT1. Available from: 
http://www.dlib.si.  

[68] Chiroma TM, Ebewele RO, Hymore FK. Comparative assessment of heavy metal levels in soil, vegetables 
and urban grey water used for irrigation in Yola and Kano. Int Ref J Eng Sci. 2014;3:1-9. Available from: 
https://www.irjes.com/Papers/vol3-issue2/A03020109.pdf.  

[69] Kjeldsen P, Barlaz MA, Rooker AP, Baun A, Ledin A, Christensen TH. Present and long-term composition 
of MSW landfill leachate: A review. Crit Rev Env Sci Technol. 2002;32:297-336. DOI: 
10.1080/10643380290813462. 

[70] Zhang Z, Zhang N, Zhao M, Zhang Y, Yang W, Liu B. Occurrence and pollution risk assessment of 
emerging contaminants in groundwater in the vicinity of a typical municipal landfill in northeastern China.  
J Hydrol. 2025;648:132408.  DOI: 10.1016/j.jhydrol.2024.132408.  

[71] Yang X, Jia Ch, Yao Y, Yang T, Shao S. Precise management and control around the landfill integrating 
artificial intelligence and groundwater pollution risks. Chemosphere. 2024;364: 143185.  DOI: 
10.1016/j.chemosphere.2024.143185.  

[72] Adamcová D, Radziemska M, Ridošková A, Bartoň S, Pelcová P, Elbl J, et al. Environmental assessment of 
the effects of a municipal landfill on the content and distribution of heavy metals in Tanacetum vulgare L.  
Chemosphere. 2017;185:1011-8. DOI:  10.1016/j.chemosphere.2017.07.060. 

[73] Vaverková MD, Elbl J, Radziemska M, Adamcová D, Kintl A, Baláková L, et al. Environmental risk 
assessment and consequences of municipal solid waste disposal. Chemosphere. 2018;208:569-78. DOI: 
10.1016/j.chemosphere.2018.06.026. 

[74] Salehi N, Azhdarpoor A, Shirdarreh M. The effect of different levels of leachate on phytoremediation of 
pyrene-contaminated soil and simultaneous extraction of lead and cadmium. Chemosphere. 
2020;246:125845. DOI: 10.1016/j.chemosphere.2020.125845. 

[75] Sayago UFC, Castro YP, Rivera LRC, Mariaca AG. Estimation of equilibrium times and maximum capacity 
of adsorption of heavy metals by E. crassipes (review). Environ Monit Assess. 2020;192:141. DOI: 
10.1007/s10661-019-8032-9. 

[76] Elbl J, Lukas V, Sobotková J, Huňady I, Kintl A. Effect of drought on the development of Deschampsia 
caespitosa (L.) and selected soil parameters during a three-year lysimetric experiment. Life. 2023;13:745. 
DOI: 10.3390/life13030745. 

[77] Kacálková L, Tlustoš P, Száková J. Phytoextraction of cadmium, copper, zinc and mercury. Plant Soil 
Environ. 2009;55:295-304. DOI: 10.17221/100/2009-PSE. 

[78] Turan M, Esringü A. Phytoremediation based on canola (Brassica napus L.) and Indian mustard (Brassica 
juncea L.) planted on spiked soil by aliquot amount of Cd, Cu, Pb, and Zn. Plant Soil Environ. 2007;53:7-15. 
DOI: 10.17221/3188-PSE. 

[79] Evangelou MWH, Kutschinski-Klöss S, Ebel M, Schaeffer A. Potential of Borago officinalis, Sinapis alba L. 
and Phacelia boratus for phytoextraction of Cd and Pb from soil. Water Air Soil Pollut. 2007;182:407-16. 
DOI: 10.1007/s11270-007-9351-y. 

[80] Fargašová A. Phytotoxic Effects of Cd, Zn, Pb, Cu and Fe on Sinapis alba L. Seedlings and their 
Accumulation in Roots and Shoots. Biol. Plantarum. 2001;44:471-3. DOI: 10.1023/A:1012456507827. 


