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Abstract: Pollutants accumulate in aquatic habitats as a result of mining activities. Lemna gibba and Lemna minor 

were used in this study to examine the accumulation capacities of Mo, Pb, and Cu in the acid fluids of the 

copper mining. Duckweed family includes water plants like L. minor and L. gibba. These are tiny, delicate, free-

floating aquatic plants. Two reactors were assigned to L. gibba and L. minor, respectively. Throughout the course 

of eight days, these plants and reactor water were gathered every day. The acid mine water's pH, temperature, 

and electric conductivity were also tested every day. The L. gibba and L. minor were cleaned, dehydrated, and 

burned in a drying oven for a whole day at 300 oC. ICP-MS (Inductively Coupled Plasma Mass Spectroscopy) 

was used to determine the Mo, Pb, and Cu content of the plant and water samples. The concentrations of Mo, 

Pb, and Cu in the acid mine fluids of the copper mining were 30±4, 260±12, and 15535±322 μg L−1, in that order. 

When it came to extracting Mo, Pb, and Cu from the acidic fluids of the copper mining, L. gibba and L. minor 

performed well and efficiently compared to control samples; they did so 29 and 177 times for Mo, 30 and 109 

times for Pb, and 495 and 1150 times for Cu. All things considered, the findings point to the possible application 

of L. gibba and L. minor in environmental rehabilitation by demonstrating their ability to efficiently extract Mo, 

Pb, and Cu from acid mine fluids. 
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1. Introduction 

Acid mine drainage, or AMD for short, is a common occurrence in both current and abandoned 

mines, whether open-pit or underground. Sludge ponds, quarries, pit lakes, tailing dumps, tailing 

dams, stockpiles, iron ore haul highways, and mine waste dumps are additional locations where 

AMD can be discovered [1,2]. Because of its high pH and heavy metal content, AMD is challenging 

to cure and presents serious risks on human health and the environment. If AMD is discharged 

without receiving the appropriate care, long-term environmental problems and damage may arise 

[3–5]. Particularly in sulfide mines, acidic water is produced as a byproduct of mining and subsequent 

processes. This water can have a drop in heavy metal ion concentration from thousands or hundreds 

of milligrams to a few milligrams. Because heavy metals pollute the air, land, and water, as well as 

taint food and drink, they can cause a wide range of illnesses in both people and animals. Therefore, 

it is a significant task and a known scientific truth that heavy metals may be removed or reduced 

from the air, soil, and water. One of the hardest challenges in contemporary mining has been acid 

mine waters [6].     

Heavy metals have large atomic weights and a density five times higher than that of water [7]. 

They were divided into two categories by Gergen and Harmanescu [8]. Rai et al. [9] claim that metals 

including Mo, Pb, Cu, Cd, Hg, Ni, As, Au, Ag, and Cr have contaminated soil, water, and air widely 

and have no good effect on plants or animals. Animals and plants require some metals (Fe, Cu, Zn, 

Co and Mn), although high amounts of these metals can be harmful. Therefore, one of the primary 

issues affecting aquatic plants and animals is still heavy metal contamination [10]. Certain metals 

include As, Tl, Hg, Pb, Cr, and Cd are an especially concerning for public health because of their high 

hazardous levels [7]. Mo is an essential element for plant health, animal and human [11,12]. Yet, as 

with all elements, exposure to high doses of Mo can be detrimental to animal, human and plant health 
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[13]. The distributions of Mo in freshwater systems about the environment, human health, and water 

supply have received relatively little study. According to Smedley and Kinniburgh [14], the majority 

of natural waters have Mo contents of no more than 10 μg/L. The maximum permitted concentrations 

in drinking water are 0.01 mg/l for lead and 0.015 mg/l for copper, as per US EPA [15] and the World 

Health Organization [16]. 

Using living green plants, phytoremediation is one of the most economical and environmentally 

beneficial techniques for the in-situ removal or restoration of heavy metals from water and soil [17–

23]. Aquatic macrophytes gather pollutants and metals during the rhizofiltration stage [24]. Because 

Lemna sp. grows more quickly and is easier to harvest, many scientists favor it for phytoremediation 

research [25–27]. Among aquatic macrophytes, it is the most efficient plant in eliminating metals and 

pesticides due to its rapid growth and ability to float on the water [28–30]. It also grows well in a 

variety of climates, has a long storage capacity, quick reproduction rates, low cost, and little volume 

of biological and chemical sludge [27,30–32]. The ideal temperature and pH ranges for Lemna sp. 

rapid growth are 5–25 oC and 4–9, respectively, according to Khataee et al. [31]. 

One of the main factors degrading water and soil is high metal pollution from acid mine fluids. 

Since heavy metals can bioaccumulate in plants and other species in the receiving ecosystems into 

which these fluids are discharged, the water must be treated before being released back into the 

natural environment. This study used L. minor and L. gibba feed in the acidic fluids of the copper 

mining in low pH circumstances to explore the accumulation performances of Mo, Pb, and Cu. To 

determine the accumulation capacity of both plants in the acidic waters, daily measurements of 

changes in Mo, Pb and Cu were made in L. minor and L. gibba. The amount of acid mineral water that 

these plants extracted from metals was also assessed in the study. 

2. Material and Methods 

The Maden Cu mining's natural setting served as the study setting. The climatic parameters for 

this experiment were: average daily, average global radiation of 480±32Wm−2, hours of sunny days of 

13.8±0.6, temperature of 23.6±7.2 oC and relative humidity of 28.6±3.2%. 

2.1. The Study Area  

The investigation was carried out in the Maden, Elazig, Turkey, Cu mining area, which is 

situated at N38.388434° and E39.671450° (Figure 1). Mining has a lengthy history in this region, going 

back to prehistoric times around 2000 BC. massive sulfide ore ( it is about average 6.5% Cu tenor and 

6.1 million tons reserve) during 1968 and 1939, were mined from Anayatak and its adjacent deposits. 

Modern Cu production was started in 1939 by Etibank. One of Turkey's biggest copper-producing 

regions, the Maden copper deposit spans various geographic regions, including Anayatak, Weis, 

Mızırtepe, Kısabekir, and Hacan. Black smoker, which is derived from hydrothermal vents on the 

seafloor, is thought to be associated to these deposits [33,34].  There are also significant reserves of 

Ni, Cu, Au, Co, and Ag in these deposits. A frequent water effluent from mining operations is seen 

at the mine site all year long and is released into the Maden Stream. 
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Figure 1. The experimental setup of this study (taken from Sasmaz Kislioglu, [35]). 

2.2. Plant and Water Samples 

According to the East Aegean Islands and Flora of Turkey [36]. L. minor and L. gibba belong to 

duckweed family and are the member of the Lemna genus [37]. They are divided into five genera 

such as Lemna, Spirodela, Landoltia, Wolffiella and Wolffia. These asexually reproducing floating 

aquatic plants develop offspring directly from their parents, without the need for a seed stage [38]. 

Water and plants were collected every day for eight days in a row, with L. minor and L. gibba kept in 

separate reactors. The acidic mine water's pH, electric conductivity, and temperature were tested 

every day using sterile plastic bottles to gather the samples. 

The chemical composition of acidic water may vary due to extensive mineralized wallrock in the 

Cu mining area. These variables may affect the T oC, pH of the water and EC (electric conductivity). 

The temperature, pH, and electrical conductivity were recorded using an Orion conductivity 

electrode. With an ICP-MS, cation and anion analyses (such as carbonate, nitrate, sulfate, and 

fluoride) were carried out. In addition, 

2.3. Analytical Method 

L. gibba and L. minor were cultivated independently in two natural pools prior to being moved 

to separate reactors. The plants were brought from Botanical Garden in the Istanbul University. As 

detailed by Tatar and Obek [22], each reactor contained 500 grams of plants, with dimensions of 

70x35x30 cm (Figure 2), L. gibba in one reactor and L. minor in the other. Throughout the experiment, 

the plants were fed with fresh water by the reactors, which continuously flowed 1.28 L sec−1 of acid 

mineral water (Figure 2). From each reactor, about 50 grams of plant material were taken out every 

day for eight days. L. gibba and L. minor were observed to change color from green to yellow towards 

the end of the experiment. Possibly due to widespread heavy metal concentrations in water, toxic 

effects began to appear on plants (Figure 3). After being collected, it was firstly cleaned with tap 

water, after that, rinsed with distilled water, and then, dried for 24 hours at 60 oC in a laboratory 

oven. Then, the dried plants were reduced to ash for 24 hours at 300 oC to produce ash samples. These 

samples were then digested for one hour in HNO3, and then for another hour at 95 oC in a mixture of 

HNO3: H2O: HCl (1:1:1) by taking one gram of the ash sample. Lastly, ICP-MS methods were used to 

examine all samples for Mo, Pb and Cu. 
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Figure 2. L. gibba and L. minor replaced to n each reactors in the acidic mine water,. 

 

Figure 3. L. gibba and L. minor were observed to change color from green to yellow towards the end 

of the study. 
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3. Results and Discussion  

3.1. Mo, Pb and Cu in acidic mining water 

The principal anion and cation results of the acid mine water's physicochemical characteristics 

are displayed in Table 1. The temperature varied from 18.6 to 24.8 oC (mean: 22.6 ± 1.2 oC); the pH of 

the water altered to 5.84 from 5.62 (mean: 5.76±0.14); and the EC values were between 2.64 and 2.38 

mS cm-1 (mean: 2.55 ± 0.08 mS cm-1)(taken from 35). Throughout the eight-day experiment, daily field 

samples of water were collected. Table 1 displays the average concentrations of Mo, Pb, and Cu in 

the acid mine water, which were found to be 30±4, 260±12, and 15535±322 μg L−1, respectively (p < 

0.5). The chemistry of acidic mine water is greatly influenced by several factors, including its distance 

from the recharge area, the length of time it spends in the flow system, the volume of acid mine water 

flowing through it, and the long-term rock-water interaction. According to the measured data, the 

chemistry and physicochemical properties of the waters originating from the ore location are 

generally comparable. Significant pollution near the Maden stream is caused by heavy metal 

pollution in the land and water. 

The mean values of Mo, Cu and Pb in the acid mine fluids exceeded the US EPA's [15] and 

ATSDR's [32] limit levels, as indicated in Table 1. The research area's acid mine water included 

varying quantities of Mo (28.4 to 31.6 μg L−1). Most natural waters have Mo concentrations of around 

10 μg/L or less [14]. The research area's average Mo value was higher than the WHO-established 

threshold levels (10 mg L-1) for drinking water [13] (Table 1). Average Pb levels in these natural waters 

according to US EPA [15] have been recorded as 10– 15 µg/L [16]. The environment's soil and water 

are contaminated by the mine's leaky water. It is extremely difficult to clean these contaminated soils 

and waterways [39–41]. According to Ning et al. [42], the average readings of WHO [16] for heavy 

metal levels were not as high as those found in the water surrounding Pb resources. A median Mo 

content of 0.5 mg/L was reported by Reimann and de Caritat [43] for streamwaters worldwide. The 

estimates for world rivers are 0.11-8.63 (mean 1.21 mg/L) [44] and around 0.42 mg/L  [45]. Rivers 

from India can contain up to 20 mg/L [46] and up to 8.6 mg/L [47].  

Based on the main cations and anions (Ca–Mg–HCO3; Ca–Mg–Fe–SO4; Na–F–NO3), the waters 

in the research region were divided into three groups. The water kinds in the aquifer were identified 

by using Piper's [48] triangular drawing approach. Over 90% of the cations in the aquifer are found 

in the examined fluids, with Ca, Mg, Fe, Na, S, K and Mn being the most common. In the waters of 

the research area, bicarbonate and sulfate constituted 85–90% of all anions, making them the main 

anion species. Ca-Mg-Fe-Na-SO4 HCO3 water is one possible classification for the acid mining water 

in the Maden Cu mining. 

Table 1. Physicochemical characteristics, cation major anion and trace element results the acid mine 

water [35]. 

Parameter 

T pH EC HCO3- NO3- SO4 F- Ca Mg K Na Fe 

( oC)  (mS 

cm-1) 
(mgL-1) (mgL-1) 

(mgL-

1) 
(mgL-1) (mgL-1) (mgL-1) (mgL-1) (mgL-1)  (mgL-1) 

DL - - - - - - - 0,05 0,05 0,05 0,05 10 

Mining 

water 
22.6±1.6 

5.76± 

0.1 

2.55± 

0.2 
282±16 

1.86± 

0.06 
128±8 0.41±0.1 482±24 426±18 5.80± 0.3 115± 6  118±7 

Parameter 

 

Mn 
S P B Zn Cr Ni Co As Mo Pb Cu 

 (mg L-

1) 

 (mg L-

1) 

 (μg L-

1) 

 (μg L-

1) 

 (μg L-

1) 

 (μgL-

1) 

  (μg L-

1) 

  (μg L-

1) 
  (μg L-1) 

   (μg 

L-1) 
(μg L-1)   (μg L-1) 

DL 0,05 1 10 5 0,5 0,5 0,2 0,02 0,5 0,1 0,1 0,02 

Mining 

water 
6.4± 0.3 670±28 236± 12 850±45 

2852± 

84 

202± 

16 
965± 58 1766±72 193±12 30±4 260±12 15535±322 
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3.2. Lemna gibba and Lemna minor  

Cleaning and restoring contaminated areas can be done affordably, effectively, sustainably, and 

economically with phytoremediation. But before building a decontamination system, knowledge 

regarding the effects of heavy metals on plant physiology should be acquired to optimize the system 

[49]. The uptake process of Mo, Pb, and Cu can be impacted by variables such the metal's 

bioavailability, the contaminant's chemical characteristics, organic matter contents, plant species, 

phosphorus, pH, and environmental factors of the contaminated environment [50]. Numerous 

aquatic plants are employed successfully for the monitoring of contaminated settings and are 

recognized as heavy metal pollution indicators [51]. Due to their ability to accumulate in biological 

systems, heavy metals like Mo, Ag, Pb, Au, Cu, As, Co, Hg, Zn, Tl and Cd are hazardous and 

poisonous. 

Prior to the commencement of the experimental investigation, it was found that L. minor (LM-0) 

and L. gibba (LG-0) had Mo levels of 2.16 and 0.29 mg kg-1, respectively (p < 0.05) (Figure 4). These 

values are regarded as the values of the control group for these plants. A total of 2.89 and 0.97 mg kg-

1 of Mo were collected by L. minor and L. gibba on the first day of the experimental investigation. Over 

the first five-6 days of the experiment, both plants' absorption of Mo from acidic mining water either 

marginally increased. On the fifth and sixth days, L. gibba and L. minor removed 84 and 77 times more 

Mo compared to the control from acid mine water. L. gibba showed outstanding Mo accumulation 

ability between day 5 and day 7. L. minor showed a high ability to accumulate rapidly after the 5th 

day until the end of the experiment, and on the 8th day it accumulated 169 ppm Mo, which 

corresponds to an approximately 77 times Mo accumulation compared to the control sample.  

Even though the acidic mining water utilized in the study contained low values of Mo (30 µg L-

1), by the end of the study. L. gibba removed molybdenum in 274 L of acidic mineral water at the end 

of the 6th day of the study, and L. minor accumulated molybdenum in 5561 L of acidic mineral water 

at the end of the 8th day. 

 

Figure 4. Mo accumulation ratios by L. gibba  and L.minor. 

Both L. minor and L. gibba showed comparable increases in Pb accumulation throughout the 

course of the first five days of the study. Both L. minor and L. gibba showed limited, comparable 

increases in Pb accumulation throughout the first five days of the experiment. Both plants showed a 

linear and extremely high accumulation ability from the fifth to the eighth day. On days 5 and 8, L. 

gibba accumulated 30 times (78.2 mg kg-1) and 109 times more Pb (189 mg kg-1) from acidic water, 

respectively, compared to the control samples of each plant (Figure 5). 

By the end of the 8-day trial, Pb had been extracted to acidic mining water of 291 L and 720 L, 

respectively, by L. gibba and L. minor, despite the low content of lead (260 µg L-1) in the acidic mine 

water used for the study. 
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Figure 5. Pb accumulation ratios by L. gibba and L. minor. 

L. gibba regularly showed significant increases in copper accumulation throughout the 

experiment and accumulated 9866 ppm Cu on the last day of the experiment. This corresponds to a 

495-fold copper accumulation compared to the control group. L. minor showed incredible 

accumulation ability during the first four days of the experiment, and at the end of the 4th day, 12668 

ppm copper was accumulated by this plant. This indicates 1150 times more accumulation compared 

to control samples. Between the 5th and 8th days, the accumulation values of L. minor decreased due 

to the plant being sufficiently saturated with copper (Figure 6). 

At the end of the study, L. minor and L. gibba accumulated, respectively, copper in 634 L and 815 

L acidic mine water, despite the high amount of copper in acid mine water (15535 µg L-1) of the 

research region.. 

 

Figure 6. Cu accumulations by L. minor and L. gibba. 

Sasmaz et al. [21] examined the metal accumulation rates and the best time to harvest in gallery 

water using plants such as L. minor and L. gibba in waters from the Keban Pb-Zn mine. The pH of 

gallery water is 7.36 and has a neutral composition. It was observed that both plants achieved higher 

accumulations in acidic waters than in neutral mineral waters of Pb-Zn mining, Keban. The study 

determined the best time to harvest by monitoring daily changes in the amounts of metals in both 
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plants. Based on the acquired data, L. gibba and L. minor accumulated Pb and Cu at 2888 and 3708 

times and 108 and 147 times, respectively, greater than those found in the gallery water. 

Sasmaz [35]) examined the Ag, Au and As accumulation performances with the same plants in 

acidic mineral water in the same experiment setup. In comparison to control samples of these plants, 

L. minor and L. gibba showed effective and high abilities in accumulating As, Au and Ag from the 

acidic mine water of Cu mining area;  respectively, 30 and 907 times for As; 336 and 394 times for 

Au; and. 240 and 174 times for Ag 

During the course of eight days, Sasmaz and Obek [52] provided evidence of L. gibba's ability to 

extract As, U, and B from secondary-treated urban wastewater. During the first two days of the study, 

L. gibba showed, respectively, the highest uptake ratio for B, U, and As with removal rates of 40%, 

122%, and 133%. These results imply that L. gibba may be useful as a natural strategy to lessen the 

amount of these pollutants in wastewater. L. minor shows a higher capacity for collecting lower 

amounts of Cr and Ni, according to Goswami and Majumder [17]. Furthermore, the uptakes of Au 

and Ag from secondary-treated municipal waste water by L. gibba were examined by Sasmaz and 

Obek [52]. Within six days of the experiment, the investigation showed that both Au and Ag were 

accumulated rapidly. But after day six, the concentrations of Ag and Au accumulation fluctuated, 

perhaps because the plant had reached saturation the greatest accumulations for Au and Ag on the 

5th and 6th days of the study, were noted as 2303% and 247%, respectively. Uysal [53] investigated 

Lemna's capacity to sorb Cr at various pH and concentration levels and found that despite being 

subjected to harmful consequences, the plants were still able to absorb Cr from the water. During the 

course of the 12-day experiment, Abdallah [54] noted that L. gibba did remarkably well, accumulating 

over 84% of the Cr in the solution. L. minor is a viable choice for repairing habitats damaged with Pb 

and Cr because of its ability to absorb these metals fast and efficiently, according to Ucuncu et al. [55]. 

According to Goswami et al. [18], L. minor worked well to correct low low concentration As-

contaminated waters. The effectiveness of L. gibba and L. minor in extracting Y, La, and Ce from 

contaminated gallery water was ascertained by Sasmaz et al. [56]. Comparing the results with the 

control samples, it was shown that L. gibba accumulated more metals than in L. minor. Salvinia natans 

and L. minor are two aquatic macropyhtes whose biological reactions and phytoremediation potential 

were examined by Leblebici et al. [57]. They discovered that L. minor was a better Cd accumulator 

than S. natans, although S. natans was a more effective Ni and Pb accumulator. According to Amare 

et al. [58], L. minor should be a moderately phytoaccumulator of Cd, Cu, Ni, and Cr but a high 

phytoaccumulator of Mn, Co, Zn, and Fe. According to Tatar et al. [59], L. minor has a high removed 

capacity for Ag, Hg, Mn, Pb, Zn, Fe, Ba, Sb, Co and P, while L. gibba has a good uptake capacity for 

Mo, Cu, Ca, Na, Mg, Se and S. 

4. Conclusion 

By comparing the studied plants with the control LM-0 and LG-0 samples, it can be observed 

that L. minor and L. gibba gathered respectively, 77 times and 84 times more Mo from acidic mine 

water. After days 4 and 5, both plants showed faster Mo-accumulating abilities, which persisted until 

the very end of the experiment. At the conclusion of the eight-day experiment, Mo in the 5561 L and 

274 L acidic mining water had been removed, respectively, by L. minor and L. gibba. For eight days of 

the experiment, Pb was removed linearly by L. gibba and L. minor in acidic mineral water. Compared 

to control samples, L. gibba shown 30 times the Pb accumulation at the end of the experiment, and L. 

minor displayed 109 times the Pb accumulation. At the end of the experiment, Pb was also extracted 

from 291 L of acid mine water and 720 L of water by L. gibba and L. minor, respectively. In comparison 

to the control sample, L. gibba removed 495 times (9866 mg kg-1) on day 8 from acidic mine water, 

and L. minor accumulated 1150 times (12668 mg kg-1) on day 4.  At the end of the study, L. gibba 

extracted Cu from 634 L acidic mine water. By the end of the 4-day experiment, 815 L acidic mine 

water had accumulated Cu in L. minor. Acidic mine waters contaminated with Mo, Pb, and Cu can 

be effectively purified using L. minor and L. gibba, which has proven to be a very efficient, economical, 

and environmentally safe approach. To prevent damaging the environment due to high 

concentrations of Mo, Pb, and Cu, after harvest, the biomass from L. minor and L. gibba growing in 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 February 2024                   doi:10.20944/preprints202402.1394.v1



 9 

 

these waters must be immediately washed with strong acids. The metals must then be collected and 

used to boost the economy of the nation. It is recommended that this technique be implemented for 

all mining operations that utilize acidic mine water, and that suitable pools be constructed to enhance 

metal recovery procedures and supply nature with purer water. 

Conflicts of Interest: The author declare no conflict of interest. 

References 

1. Wiessner, A,; Müller, J.A.; Kuschk, P. Environmental pollution by wastewater from brown coal processing 

- a remediation case study in Germany. J. Environ Eng Landsc Manag 2010, 22, 71–83. 

2. Cesar Minga, J.; Elorza, F.J.; Rodriguez, R.; Iglesias, A.; Esenarro, D. Assessment of Water Resources 

Pollution Associated with Mining Activities in the Parac Subbasin of the Rimac River. Water 2023, 15, 965. 

3. Tong, L.; Fan, R.; Yang, S.; Li, C. Development and status of the treatment technology for acid mine 

drainage. Mining, Metall. & Expl. 2021, 38, 315–327. 

4. Lü, J.; An, Y. Hydrochemical Characteristics and Risk Assessment of Tongzi River, Guizhou Province, 

Southwest China. Water 2023, 15, 802. 

5. Pan, Y.; Chen, M.; Wang, X.; Chen, Y.; Dong, K. Ecological Risk Assessment and Source Analysis of Heavy 

Metals in the Soils of a Lead-Zinc Mining Watershed Area. Water 2023, 15, 113. 

6. He, X.W.; Li, F.Q. New technology and development tendency of mine water treatment. Coal Sci Technol 

2010, 11, 17–22. 

7. Tchounwou, P.B.; Yedjou, C.G.; Patlolla, A.K.; Sutton, D.J. Heavy metals toxicity and the environment. In 

Molecular, clinical and environmental toxicity 2012, 101, 133-164. Basel: Springer. 

8. Gergen, I.; Harmanescu, M. Application of principal component analysis in the pollution assessment with 

heavy metals of vegetable food chain in the old mining areas. Chem. Cent. J. 2012, 6, 56 

9. Rai, S.;Gupta, S.; Mittal, P.C. Dietary Intakes and Health Risk of Toxic and Essential Heavy Metals through 

the Food Chain in Agricultural, Industrial, and Coal Mining Areas of Northern India. Human and Ecological 

Risk Ass 2015, 21, 913–933 

10. Duffus, J.H. ‘‘Heavy Metals’’ A meaningless term? IUPAC (International Union of Pure Applied 

Chemistry). Pure and Appl. Chem 2002, 74, 793-807. 

11. Mendel, R.R., Biology of the molybdenum cofactor. J. Exp. Bot. 2007. 2289-2296. 

12. Schwarz, G., Mendel, R.R., Ribbe, M.W., 2009. Molybdenum cofactors, enzymes and pathways. Nature 460, 

839-847 

13. WHO (2011) Guidelines for drinking-water quality. Geneva, Switzerland. 

14. Smedley, P.L, Kinniburgh, D.G. Molybdenum in natural waters: A review of occurrence, distributions and 

controls. Applied Geochemistry, 2017, 84, 387-432. 

15. United States Environmental Protection Agency (US EPA). Ambient Water Quality Criteria for Silver; US 

EPA:Washington, DC,USA, 2000. 

16. World Health Organization (WHO). Guidelines for Drinking-Water Quality; World Health Organization: 

Geneva, Switzerland, 2006; p. 553. 

17. Goswami, C.; Majumder, A. Potential of Lemna minor in Ni and Cr removal from aqueous solution. Pollution 

2015, 1 (4), 373-385. 

18. Goswami, C.; Majumder, A.; Misra, A.K.; Bandyopadhyay, K. Arsenic uptake by Lemna minor in 

hydroponic system. Int J Phyto, 2014, 16, (12), 1221-1227.  

19. Abdel-Gawad, F.K.; Khalil, W.K.B.; Bassem, S.M.; Kumar, V.; Parisi, C.; Inglese, S.; Temraz, T.A.; Nassar, 

H.F.; Guerriero, G. The Duckweed, Lemna minor Modulates Heavy Metal-Induced Oxidative Stress in the 

Nile Tilapia, Oreochromis niloticus. Water 2020, 12, 2983. 

20. Haffner, O.; Kučera, E.; Drahoš, P.; Cigánek, J.; Kozáková, A.; Urminská, B. Lemna minor Bioassay 

Evaluation Using Computer Image Analysis. Water 2020, 12, 2207.  

21. Sasmaz, M.; Topal, E.I.A.; Obek, E.;Sasmaz, A. The potential of Lemna gibba L. and Lemna minor L. to remove 

Cu, Pb, Zn, and As in gallery water in a mining area in Keban, Turkey. J. Environ. Man. 2015, 163, 246-253. 

22. Tatar, S.Y.; Obek, E. Potential of Lemna gibba L. and Lemna minor L. for accumulation of Boron from 

secondary effluents. Ecol. Eng. 2014, 70, 332–336. 

23. Sood, A.; Uniyal, P.L.; Prasanna, R.;, Ahluwalia, A.S. Phytoremediation potential of aquatic macrophyte, 

Azolla. Ambio 2012, 41, 122–137. 

24. Chaudhuri, D.; Majumder, A.; Misra, A.M.; Bandyopadhyay, K. Cadmium removal by Lemna minör and 

Spirodela polyrhiza. Int. J. Phytorem 2014, 16, 1119–1132. 

25. Obek, E. Bioaccumulation of heavy metals from the secondary treated municipal waste water by Lemna 

gibba. Fres. Environ. Bull. 2009, 18, 2159–2164. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 February 2024                   doi:10.20944/preprints202402.1394.v1



 10 

 

26. Sasmaz, A.; Obek, E. The accumulation of arsenic, uranium, and boron in Lemna gibba L. exposed to 

secondary effluents. Ecol.Eng. 2009, 35, 1564–1567. 

27. Gerardo, R.; de Lima, I.P. Monitoring Duckweeds (Lemna minor) in Small Rivers Using Sentinel-2 Satellite 

Imagery: Application of Vegetation and Water Indices to the Lis River (Portugal). Water 2022, 14, 2284. 

28. Li, S.X., Feng-Ying, F,; Yang, H.; Jian-Cong, N. Thorough removal of inorganic and organic mercury from 

aqueous solutions by adsorption on Lemna minor powder. J. Hazard. Mater. 2011, 186, 423–429. 

29. Dirilgen, N. Mercury and lead: assessing the toxic effects on growth and metal accumulation by Lemna 

minor. Ecotoxicol. Environ. Saf. 2011, 74, 48–54. 

30. Lobotková, M.; Hybská, H.; Samešová, D.; Turˇcániová, E.; Barnová, J.; Rétfalvi, T.; Krakovský, A.; Bad’o, 

F. Study of the Applicability of the Root Wastewater Treatment Plants with the Possibility of the Water 

Recirculation in Terms of the Surfactant Content. Water 2022, 14, 2817. 

31. Khataee, A.; Movafeghi, A.; Torbati, S.; Salehi Lisar, S.; Zarei, M. Phytoremediation potential of duckweed 

(Lemna minor L.) in degradation of CI Acid Blue 92: artificial neural network modeling. Ecotoxicol. Environ. 

Saf. 2012, 80, 291–298. 

32. Materazzi, S.; Canepari, S. ; Aquili, S. Monitoring heavy metal pollution by aquatic plants. Environ. Sci. Poll. 

Res. 2012, 19, 3292–3298. 

33. Erler, A. The hydrothermal alteration around Madenköy-Siirt massive sulphide deposit. METU, Doc. 

Thesis. 1982, 131 p. (unpublished).  

34. Sasmaz, A.; Gumus, G. ; Sagiroglu, A. A typical example of allochtonous Cyprus type copper 

mineralizations: Derdere mineralizations. Geol. Bull. Turkey 1999, 42/1,105-117. 

35. Sasmaz Kislioglu, M. Removal of Ag, Au, and As from Acid MineWater Using Lemna gibba and Lemna 

minor—A Performance Analysis. Water 2023, 15, 1293. 

36. Davis, P.H. Flora of Turkey and The East Aegean Island. 1984, Edinb. Univ. Press. 

37. Cabrera, L.I.; Salazar, G.A.; Chase, M.W.; Mayo, S.J.; Bogner, J.; Davila, P,  Phylogenetic relationships of 

aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA. American J. 

Botany, 2008, 95, 1153– 1165. 

38. EFSA, EFSA Panel on Nutrition, Novel Foods and Food Allergens, Scientific Opinion on the safety ofLemna 

minor and Lemna  gibba whole plant material as a novel food pursuant to Regulation (EU) 2015/2283. 

EFSA Journal 2022, 20(11), 7598, 20 pp. 

39. Kabata-Pendias, A. Trace Elements in Soils and Plants, 2011, p. 412. CRC Press, Washington.  

40. Dong, D.; Li, H,; Zhang, J.; Sun, L. Removal of heavy metals from mine water by cyanobacterial 

calcification. Min. Sci. Technol. 2010, 20, 566–570. 

41. Caussy D, Gochfeld M, Gurzau E. Lessons from case studies of metals: Investigating exposure 

bioavailability and risk, Ecotox. Environ Safe 2003, (56), 45-51. 

42. Ning, N.; Liyuan, Y.; Jirui, D.; Xugui, P. Heavy Metal Pollution in Surface Water of Linglong Gold Mining 

Area, China.  Proc. Environ. Sci. 2011, 10, 914 – 917. 

43. Reimann, C., de Caritat, P., 1998. Chemical Elements in the Environment. Factsheets for the Geochemist 

and Environmental Scientist. Springer-Verlag, Berlin. 

44. Linnik, P.N., Ignatenko, I.I., 2015. Molybdenum in natural surface waters: content and forms of occurrence 

(a review). Hydrobiol. J. 51, 80-103. 

45. Gaillardet, J., Viers, J., Dupr_e, B., 2014. 7.7-Trace elements in river waters. In: Holland, H.D., Turekian, 

K.K. (Eds.), Treatise on Geochemistry, second ed. Elsevier, Oxford, pp. 195-235. 

46. Zhao, Z., Pei, J., Zhang, X., Zhou, X., 1990. Adsorptive stripping voltammetry determination of 

molybdenum(VI) in water and soil. Talanta 37, 1007-1010. 

47. Rahaman, W., Singh, S.K., Raghav, S., 2010. Dissolved Mo and U in rivers and estuaries of India: implication 

to geochemistry of redox sensitive elements and their marine budgets. Chem. Geol. 278, 160-172. 

48. Piper, A.M. A graphic procedure in the geochemical interpretation of water analyses. Trans. Am. Geophys. 

Union 1944, 25, 914–923. 

49. Pilon-Smits, E.A. Phytoremediation. Ann. Rev. Plant Biol. 2005, 56, 15-39. 

50. Tangahu, B.V.; Abdullah, S.R.S.; Basri, H.; Idris, M.; Anuar, N.; Mukhlisin, M. A review on heavy metals 

(As, Pb, and Hg) uptake by plants through phytoremediation. Int. J. Chem. Eng. 2011, 939161. 

51. Cenci, R.M. The use of aquatic moss (Fontinalis antipyretica) as monitor of contamination in standing and 

running waters: limits and advantages, J. Limnol. 2000, 60, 53–61. 

52. Sasmaz, A.; Obek, E. The accumulation of silver and gold in Lemna gibba exposed to secondary effluents.    

2012, 72, 149-152. 

53. Uysal, Y. Removal of chromium ions from wastewater by duckweed, Lemna minor L. by using a pilot system 

with continuous flow. J Hazard Mater 2013, 263, 486–492. 

54. Abdallah, M.A. Phytoremediation of heavy metals from aqueous solutions by two aquatic macrophytes, 

Ceratophyllum demersum and Lemna gibba. Environ. Tech. 2012, 33, 1609–1614 

55. Ucuncu, E,; Tunca, E,; Fikirdeşici, S.; Özkan, A.D,; Altindag, A. Phytoremediation of Cu, Cr and Pb 

mixtures by Lemna minor. Bull Environ. Contam. Toxicol. 2013, 91, 600–604 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 February 2024                   doi:10.20944/preprints202402.1394.v1



 11 

 

56. Sasmaz, M.; Obek, E.; Sasmaz, A. The accumulation of La, Ce and Y by Lemna minor and Lemna gibba in the 

Keban gallery water, Elazig Turkey. Water & Env. J. 2018, 32/1, 75-83. 

57. Leblebici, Z.; Kar, M.; Yalcin, V. Comparative study of Cd, Pb, and Ni removal potential by Salvinia  

natans. All. And Lemna  minor: interactions with growth parameters. Rom Biotech Lett. 2018, 23(1), 13235–

13248. 

58. Amare, E.; Kebede, F.; Berihu, T.; Mulat, W. Field-based investigation on phytoremediation potentials of 

Lemna minor and Azolla filiculoidesin tropical, semiarid regions: case of Ethiopia. Inter J Phytorem. 2018, 

20(10), 965–972. 

59. Tatar, S.; Obek, E.; Arslan Topal, E.I.; Topal, M. Uptake of some elements with aquatic plants exposed to 

the effluent of wastewater treatment plant. Pollut 2019, 5 (2), 377–386. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 February 2024                   doi:10.20944/preprints202402.1394.v1


