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Abstract

Sustainable management of leachate produced from the dumpsite is one of the major con-

cerns in developing countries Aquatic plants such as duckweed have the potential to

remove pollutants from wastewater which can also be cost-effective and feasible options for

leachate treatment. Therefore, the objective of our present study was to examine the growth

and nutrient removal efficiency of duckweed (Lemna minor) on leachate. Three tests were

performed each by growing lemna minor on synthetic leachate under controlled conditions

and on dumpsite leachate under natural conditions. During each test, duckweed was grown

in 300 ml plastic containers with a surface area of 25.8 cm2. About 60 mg of fresh mass of

duckweed was grown on 250 ml leachate at an internal depth of 9.5 cm. Results revealed

that, in comparison to synthetic leachate, duckweed removed Chemical Oxygen Demand

(COD), nitrogen (N), and phosphorous (P) more efficiently from dumpsite leachate under

natural climatic conditions. However, the amounts of N and P absorbed into duckweed body

mass were about 16% and 35% respectively more at synthetic leachate under controlled

conditions. Maximum growth rate of duckweed (7.03 g m-2 day-1) was also observed for syn-

thetic leachate in comparison to the growth rate of 4.87 g m-2 day-1 at dumpsite leachate.

Results of this study provide a useful interpretation of duckweed growth and nutrient

removal dynamics from leachate under natural and laboratory conditions.

Introduction

The absence of standard landfill sites in developing countries has given rise to the formation of

open waste dumpsites which produce relatively large amounts of leachate [1]. Leachate is a

type of concentrated wastewater produced at open dumpsites by percolation of rainwater

through solid waste layers [2]. Composition of typical leachate is highly variable containing
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large amounts of pollutants and nutrients such as organic matter, ammonia-nitrogen, heavy

metals, and chlorinated organic and inorganic salts [3, 4]. Pollution caused by leachate is a

potential threat to the environment and human health [5]. Unattended leachate is representing

a potential environmental risk to the surface as well as ground water quality [6]. There are

many studies on the effect of leachate pollution on human health, flora, fauna and ecosystems

[7].

At present in view of the implementation of stringent leachate discharge standards world-

wide, it has become a major research focus to explore the various methods of leachate treat-

ment [8]. A wide range of physical, chemical, biological and combination of two or more

methods of leachate treatments are being practiced worldwide [3, 9]. The potential method for

leachate treatment is determined by many factors such as, current waste disposal practices,

geographical location of landfill/dumpsites, local weather pattern, leachate composition and

economic concerns of leachate treatment [10].

Use of aquatic plants such as duckweed, water hyacinth and water lettuce etc. has been rec-

ognized and getting more attention recently in wastewater treatment [11]. Aquatic plants also

offer an alternate technology of converting wastewater nutrients into potentially useful forms

in addition to the treatment [12]. Duckweed is amongst the promising aquatic plants having

enormous capacity to treat eutrophicated wastewaters. Wastewater treatment by duckweed is

owed to its ability to accumulate large amounts of nutrients and minerals into its body mass

and show high growth rates under worse environmental conditions [13,14].

Duckweed is a small floating macrophyte belonging to family Lemnaceae of monocotyle-

donous plants. It has 37 species belonging to 4 genera: i) Lemna, ii) Spirodela, iii) Wolffia and,

iv) Wolffiella [15]. It is a simple plant having no stem or leaves. Major part of the plant com-

prises a thallus called "frond" which is generally composed of chlorenchymatous cells having

air pockets called aerenchyma due to which duckweed floats on water. Duckweed may have no

root or one or more simple roots. Roots are photosynthetically active having chloroplast in it.

Roots of the duckweed plant help in nutrient uptake from water and stabilizes the plant [16].

Lemna minor, belonging to the genus Lemna is the most widely spread species of duckweed

which is extensively studied in wastewater treatment mainly due to its fast growth and high

nutrient removal efficiency [17]. Under favorable climatic conditions and nutrient balance in

growth media, Lemna minor can double its biomass within two days [18]. Cheng et.al reported

a growth rate of L. minor close to 29 g m-2 day-1 in high strength swine wastewater while the

total Kjeldahl Nitrogen (TKN) and Total Phosphorous (TP) absorbed by duckweed were 90%

and 88.6%, respectively [12].

Assimilation of nitrogen by duckweed fronds and roots appears to be the primary mecha-

nism of nitrogen fixation in plant. However, some portion of nitrogen is also absorbed into

duckweed biomass through associated N fixing cyanobacteria and algae grown in duckweed

ponds [19]. Nitrate and ammonium are the main forms of available nitrogen for duckweed

however, the absorption of ammonium is 3 to 11 times greater than nitrates. Nitrogen is fixed

as protein in duckweed biomass [20]. Various studies report a variable amount of nitrogen

absorbed by duckweed. Zhang et al. reported that in wastewater with initial nitrogen concen-

tration of 12 mg N L-1 duckweed consumed nitrogen at the rate of 446 mg m-2 day-1 [21].

Another study reported the nitrogen absorption rate of 547±136 mg N m-2 d-1 by duckweed

[22].

Unlike other vascular plants, Lemna minor absorbs large amount of phosphorous into its

body mass [23]. However, compared to nitrogen, the phosphorous requirement of duckweed

is very small for optimum plant growth [24]. Phosphate (PO4
-3) is the preferred form of phos-

phorous uptake by the duckweed. Phosphorous makes up to 0.03 to 2.8% of a typical duckweed

dry mass whereas the nitrogen content is about 0.8 to 7.8% [25]. Duckweed can accumulate
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high amounts of phosphorous in its biomass due to which plant can maintain its growth in

waters with less amount of phosphorous. When duckweed dies, stored P in plant biomass is

readily available in the water [26]. Literature shows that Lemna minor has varying capacity of

P uptake under different environmental conditions. Duckweed shows optimum growth at

phosphorus concentration of 4 and 22 mg P L-1 of growth media [24]. Phosphorous uptake of

200 mg m-2 d-1 by Lemna minor is also reported when grown on swine wastewater [12].

Another study reported the phosphorous uptake of 13 to 58 mg P m-2 d-1 and revealed that

phosphorous uptake by duckweed was dependent on nitrogen concentration and depth of the

growth pond [25].

Protein contents of a typical duckweed may be as high as up to 45% of the total dry mass of

plants. Due to high protein content, the harvested duckweed is a potential food source for

human and animal feeds [27].

Based on its wastewater treatment potential, it is hypothesized that Lemna minor can also be

used as a cost effective and technically feasible option for leachate treatment. Therefore, present

study was designed with the objective to investigate the growth of duckweed and its efficiency to

remove COD and nutrients (N&P) from synthetic and dumpsite leachate. Attempts at searching

for literature reveals that currently a very small amount of research has been conducted on the

use of duckweed for leachate treatment. This study provides the comparison of duckweed per-

formance (in terms of growth and nutrient removal efficiency) on synthetic and dumpsite leach-

ate under controlled (artificial) and natural climatic conditions respectively. So far, no such

comparison is available in literature however very few isolated research studies have been con-

ducted using either natural or artificial duckweed-leachate systems. Study provides the useful

simulations for lab scale or field scale research on leachate treatment by duckweed.

Materials and methods

Dumpsite leachate used in this study was prepared by processing the mixed solid waste col-

lected from various residential, commercial and industrial dumpsites in Islamabad, Pakistan.

About 100 to 120 kg of well decomposed solid waste was collected from each dumpsite. Waste

was collected from pre-determined lowest points at depths of 0.5 m to 1.5 m [28]. Collected

wastes were mixed in plastic tank having an internal diameter of about 1.5 m and a height of

about 1.8 m. A sieve (pore size 1mm) was fixed at an internal height of 10 cm of the plastic

tank. Fig 1 shows the schematic setup used for leachate production.

Synthetic leachate with COD about 1527±2.42 mgL-1 (approximately equal to the COD of

dumpsite leachate) was prepared by adding the measured quantities of NaNO3, K2HPO3,

KHCO3, K2CO3, NaHCO3, MgCl2.6H2O, MgSO4.7H2O, CaCl2 and glucose powder in distilled

water. In view of the complex chemical composition of dumpsite leachate, it was difficult to

prepare synthetic leachate of exactly similar composition. However, after repeated measure-

ments and hit and trial analysis synthetic leachate with desired COD, and nutrient contents

was prepared. Table 1 represents the nitrogen and phosphorous contents and COD of syn-

thetic leachate. Because leachate composition shows high temporal variability [29], therefore

an initial analysis of both types of leachate were made soon after the preparation and the ana-

lyzed leachate was immediately used for duckweed growth.

A mixed culture of duckweed was collected from wastewater treatment pond located in

National University of Sciences and Technology (NUST), Islamabad, Pakistan. Lemna minor
plants were isolated from the mixed duckweed culture and used for this study after acclimati-

zation for about seven days.

Three separate tests (each comprising two parts) were performed during the month of

June-July by growing duckweed on dumpsite leachate (Part 01) under natural conditions and
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on synthetic leachate (Part 02) under the similar artificial conditions. During each test, duck-

weed was grown in 300 mL plastic containers with a surface area of 25.8 cm2. About 60 mg of

fresh mass of duckweed was grown on 250 mL leachate at an internal depth of 9.5 cm. During

each part of the three tests, nine (09) containers were used in triplicate including six duckweed

containers and three controls without duckweed.

For part 01 of each test, duckweed containers were placed within a meshed iron rack under

natural climatic conditions whereas; for part 02, containers were placed within the growth

chamber under similar controlled conditions. In the growth chamber, the required light inten-

sity was adjusted with the help of fluorescent lamps whereas, the required day lengths were

adjusted with the help of auto shut down system of fluorescent lights. Temperature adjust-

ments within the growth chamber were made with the help of a temperature gauge fitted with

the chamber. Throughout the experiments, the pH of the leachate was maintained at about 7±
0.6. using 1M solution of Hydrochloric Acid (HCl) and Sodium Hydroxide (NaOH).

Data related to ambient air temperature and day lengths as shown in Table 2 was retrieved

from the website of Pakistan Metrological Department, whereas the solar radiation data was

obtained from the web site of LEO Corporation, Pakistan.

Each test was performed for 10 days during which samples from the leachate and control

containers were analyzed for TKN, ammonium nitrogen (NH4
+-N), TP, ortho phosphate

Fig 1. Schematic of leachate production setup.

https://doi.org/10.1371/journal.pone.0221755.g001

Table 1. Initial nutritive composition and COD (mean ± SD) of leachate used as media for duckweed growth.

Leachate Type Nutrients concentration

(mg L-1)

COD

(mg L-1)

TKN NH4-N TP o-PO4
3--P

Dumpsite 49.88±0.26 26.43±0.15 37.13±0.21 14.08±0.14 1527±2.42

Synthetic 46.56±0.24 24.32±0.15 42.65±0.22 16.02±0.16 1571±2.49

https://doi.org/10.1371/journal.pone.0221755.t001
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(o-PO4
-3-P) and COD by removing three containers at the start and end of the test. Duckweed

plants were oven dried at 70 0C until it had a constant weight. Dried mass of duckweed was

ground with the help of a mortar and pestle and then a plant extract was prepared for analysis

of TKN and TP contents. Furthermore, a chemical analysis was performed using the standard

methods of American Public Health Association [30]. The details of material used, and experi-

mental techniques adopted during study are given in Table 3.

All experiments during this study were conducted within the premises of Institute of Envi-

ronmental Sciences and Engineering (IESE), National University of Sciences and Technology,

Islamabad, Pakistan where I am pursuing my doctoral degree (33˚ 380 41@ N, 72˚ 590 22@ E).

Experimental site is owned by the IESE, NUST where no permits are required to conduct the

research work for IESE students. Furthermore, it is to note that no endangered or protected

species or locations were involved during this research study.

All treatments were performed in triplicate. Data collected on all parameters was analyzed

statistically using Fisher’s analysis of variance (ANOVA) techniques under completely ran-

domized design (CRD). Statistical analysis was performed using Statistix-8.1 and MS excel

software.

Results and discussion

Table 1 depicts that the nutritive composition and COD level of synthetic and dumpsite leach-

ate has no significant difference. Therefore, for further data analysis and results interpretation,

initial composition of both types of leachates is assumed to be identical. Table 2 shows that

during each test there exists a very small difference in natural weather conditions. This situa-

tion was also helpful for maintaining the artificial weather conditions in the growth chamber

where no significant variations of conditions was required throughout the experimental

period.

Table 4 provides a comparison of duckweed growth rates at dumpsite and synthetic

leachate indicating that during each test, duckweed exhibited the better growth in synthetic

leachate than that of in dumpsite leachate. In synthetic leachate a maximum growth rate of

7.03 ± 1.25 g m-2 day-1 was recorded during all tests whereas, at dumpsite leachate maxi-

mum growth rate of duckweed was 4.87 g m-2 day-1. Lemna minor has variable growth rates

under varying climatic conditions. Seasonal growth of duckweed ranges from 3 to 9.5 tons/

ac-year [31] whereas, the maximum yield of 17–25 tons/ac-year is also reported [32]. In

dumpsite leachate growth rates of Lemna minor ranging from 4.3 to 6.4 g m-2 day -1 have

also been reported [33]. Similar growth rates of duckweed (3.2 to 5.7 g m-2 day -1) were also

reported by another study conducted by growing duckweed on a dumpsite leachate under

varying electrical conductivities of leachate [34]. In dumpsite leachate under the natural

conditions, large amount of nutrients is removed by the other factors than absorption into

duckweed biomass which results in retarded growth of duckweed plants [33]. This might be

the reason of high growth rate of duckweed at synthetic leachate. Significant amounts of N

and P may be removed through ammonia volatilization, nitrification and denitrification

Table 2. Weather conditions during experiments on duckweed growth on leachate.

Test Performed Ambient temperature (oC) Solar intensity

(kWh m-2 day-1)

Day length

(Hours)

Test 1 38.3 ± 1.0 4.3 ± 0.6 13.4 ± 0.4

Test 2 38.9 ± 0.8 4.5 ± 0.5 13.6 ± 0.4

Test 3 38.5± 1.1 4.4 ± 1.3 14.1 ± 0.7

Average 38.6 ± 0.9 4.4 ± 0.8 13.7 ± 0.5

https://doi.org/10.1371/journal.pone.0221755.t002

Performance of duckweed on synthetic and dumpsite leachate

PLOS ONE | https://doi.org/10.1371/journal.pone.0221755 August 27, 2019 5 / 9

https://doi.org/10.1371/journal.pone.0221755.t002
https://doi.org/10.1371/journal.pone.0221755


and microbial assimilation in addition to the duckweed absorption in natural leachate-

duckweed systems [35].

A comparison of COD and nutrients removal from synthetic and dumpsite leachate is pro-

vided in Table 5 indicating that during each test, compared to synthetic leachate, duckweed

removed nutrients and COD more rapidly from dumpsite leachate under natural conditions.

Duckweed absorbs variable amounts of nitrogen and phosphorous under varying condi-

tions. Absorption of nitrogen by duckweed largely depends on the initial nitrogen concen-

tration in growth media, Chemical Oxygen Demand (COD), hydraulic retention time and

duckweed plant density [36]. Iqbal and Baig reported that during summer season Lemna
minor removed TKN and TP from dumpsite leachate at the rates of 40 to 310 mg m-2 day -1

and 30 to 200 mg m-2 day-1 respectively [33]. While TKN and TP removal of 152 to 175 mg

m-2 day -1 and 84 to 92 mg m-2 day -1 respectively by Lemna minor from dumpsite leachate

under natural conditions have also been reported [34]. The high rates of nutrients and COD

removal from dumpsite leachate are attributed to the processes such as ammonia volatiliza-

tion, algal and microbial assimilation, and nitrification/denitrification which are high

under natural duckweed-leachate systems [35]. Nitrification and denitrification processes

contributes for 50% of nitrogen removal from wastewater [37]. High rates of nitrification

and denitrification processes resulted by large population of respective bacteria may remove

large amounts of nitrogen from dumpsite leachate.

Table 3. Analytical instruments and apparatus used during the study.

S. No Parameters Analytical Instrument Model

1. Chemical Oxygen Demand (COD) COD Reactor Velp ECO 25

2. Total Kjeldahl Nitrogen (TKN) Semi-Automatic Kjeldahl Distillation System KDN

3. Ammonium nitrogen (NH4
+-N) UV Visible Spectrophotometer &

Portable Spectrophotometer

PG-Motel T 60

Hitachi U2800

4. Ortho-Phosphate-Phosphorous

(o-PO4
-3-P)

UV Visible Spectrophotometer

Portable Spectrophotometer

Hitachi U2800

5. Total Phosphorous (TP) UV Visible Spectrophotometer Hitachi U2800

PG-Motel T 60

6. pH pH meter Hanna HI 8520

Eutech pH 700

WTW 720

7. Duckweed Mass Analytical Balance Adam AAA 160 LE

Adventure AR 3130

Phoenix, BTG-303

8. Duckweed Drying Oven WTC Blinder

LDO-030 N

9. Duckweed growth under controlled conditions Growth Chamber Chasewood, Environmental USA

https://doi.org/10.1371/journal.pone.0221755.t003

Table 4. Comparison of duckweed growth rates on synthetic and dumpsite leachate during three tests.

Test Conducted Leachate Type Growth rate (g m-2 day-1)

Test 1 Dumpsite 4.06 ± 1.18

Synthetic 6.84 ± 2.13

Test 2 Dumpsite 4.87 ± 1.62

Synthetic 7.03 ± 1.25

Test 3 Dumpsite 3.89 ± 0.78

Synthetic 6.77 ± 0.93

https://doi.org/10.1371/journal.pone.0221755.t004
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It is evident from the comparison of mass balance that duckweed absorbed larger amounts

of nitrogen and phosphorous into its biomass from synthetic leachate as compared to the

absorption of these nutrients from dumpsite leachate under similar conditions (Fig 2). This is

consistent with the growth of duckweed which is also high at synthetic leachate.

Conclusions

This study provides the comparison of duckweed (Lemna minor) growth and its efficiency to

remove COD and N & P from synthetic and dumpsite leachate. Results reveal that compared

to synthetic leachate under artificial conditions, duckweed removes COD and nutrients more

efficiently from dumpsite leachate. However, the amount of nitrogen and phosphorous

absorbed into duckweed body mass was about 16% and 35% respectively more at synthetic

leachate. The high growth rate of duckweed was also observed at synthetic leachate. In conclu-

sion, many factors such as microbial activities, algal growth and natural decomposition also

contribute to nitrogen and phosphorous removal from leachate in addition to absorption by

duckweed under the natural duckweed-leachate system.

Supporting information

S1 File. Nitrogen mass balance.

(XLSX)

S2 File. Phosphorous mass balance.

(XLSX)

Table 5. Comparison of rates of nutrients removal and COD reduction by duckweed from synthetic and dumpsite leachate.

Test Conducted Leachate Type Nutrients removal rate

(mg m-2 day-1)

COD

(g m-2 day-1)

TKN NH4-N TP o-PO4
3--P

Test 1 Synthetic 116.32±0.65 80.39±1.71 92.16±0.39 26.24±0.61 2.73±4.20

Dumpsite 152.12±0.72 133.71±0.87 109.24±1.05 38.78±0.45 3.31±5.81

Test 2 Synthetic 123.41±1.33 82.28±1.14 96.42±1.27 26.94±1.52 2.81±3.63

Dumpsite 157.52 ± 1.62 141.83±1.36 111.92±1.35 39.15 ±1.62 3.64±4.12

Test 3 Synthetic 126.83±1.45 86.19±1.72 101.93±1.41 28.47±1.44 2.96±2.87

Dumpsite 159.73 ± 0.98 149.38±1.59 119.08 ±0.78 42.07 ±1.71 3.81±3.63

https://doi.org/10.1371/journal.pone.0221755.t005

Fig 2. Comparison of mass balance of total nitrogen and phosphorous removal and uptake by duckweed from

synthetic and dumpsite leachate.

https://doi.org/10.1371/journal.pone.0221755.g002
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2. Kalčı́ková G, Vávrová M, Zagorc-Končan J, Žgajnar Gotvajn A. Seasonal variations in municipal landfill

leachate quality. Management of Environmental Quality: An International Journal. 2011 Aug 9; 22

(5):612–9.

3. Müller GT, Giacobbo A, dos Santos Chiaramonte EA, Rodrigues MA, Meneguzzi A, Bernardes AM.

The effect of sanitary landfill leachate aging on the biological treatment and assessment of photoelec-

trooxidation as a pre-treatment process. Waste management. 2015 Feb 1; 36:177–83. https://doi.org/

10.1016/j.wasman.2014.10.024 PMID: 25464941

4. Madera-Parra CA, Rı́os DA. Constructed Wetlands for Landfill Leachate Treatment. In Sustainable

Heavy Metal Remediation 2017 (pp. 121–163). Springer, Cham.

5. Bakhshoodeh R, Alavi N, Majlesi M, Paydary P. Compost leachate treatment by a pilot-scale subsur-

face horizontal flow constructed wetland. Ecological Engineering. 2017 Aug 1; 105:7–14.

6. Pablos MV, Martini F, Fernandez C, Babin MM, Herraez I, Miranda J, et al. Correlation between physi-

cochemical and ecotoxicological approaches to estimate landfill leachates toxicity. Waste Management.

2011 Aug 1; 31(8):1841–7. https://doi.org/10.1016/j.wasman.2011.03.022 PMID: 21530225

7. Akinbile CO, Yusoff MS, Zuki AA. Landfill leachate treatment using sub-surface flow constructed wet-

land by Cyperus haspan. Waste management. 2012 Jul 1; 32(7):1387–93. https://doi.org/10.1016/j.

wasman.2012.03.002 PMID: 22456086

8. Gao J, Oloibiri V, Chys M, Audenaert W, Decostere B, He Y, et al. The present status of landfill leachate

treatment and its development trend from a technological point of view. Reviews in Environmental Sci-

ence and Bio/Technology. 2015 Mar 1; 14(1):93–122.

9. Omar H, Rohani S. Treatment of landfill waste, leachate and landfill gas: A review. Frontiers of Chemi-

cal Science and Engineering. 2015 Mar 1; 9(1):15–32.

10. Liu S. Landfill leachate treatment methods and evaluation of Hedeskoga and Måsalycke landfills. Lund:

Lund University. 2013.

11. Lasfar S, Monette F, Millette L, Azzouz A. Intrinsic growth rate: a new approach to evaluate the effects

of temperature, photoperiod and phosphorus–nitrogen concentrations on duckweed growth under con-

trolled eutrophication. Water research. 2007 Jun 1; 41(11):2333–40. https://doi.org/10.1016/j.watres.

2007.01.059 PMID: 17462697

12. Cheng J, Landesman L, Bergmann BA, Classen JJ, Howard JW, Yamamoto YT. Nutrient removal from

swine lagoon liquid by Lemna minor 8627. Transactions of the ASAE. 2002; 45(4):1003.

Performance of duckweed on synthetic and dumpsite leachate

PLOS ONE | https://doi.org/10.1371/journal.pone.0221755 August 27, 2019 8 / 9

https://doi.org/10.1016/j.wasman.2014.10.024
https://doi.org/10.1016/j.wasman.2014.10.024
http://www.ncbi.nlm.nih.gov/pubmed/25464941
https://doi.org/10.1016/j.wasman.2011.03.022
http://www.ncbi.nlm.nih.gov/pubmed/21530225
https://doi.org/10.1016/j.wasman.2012.03.002
https://doi.org/10.1016/j.wasman.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22456086
https://doi.org/10.1016/j.watres.2007.01.059
https://doi.org/10.1016/j.watres.2007.01.059
http://www.ncbi.nlm.nih.gov/pubmed/17462697
https://doi.org/10.1371/journal.pone.0221755


13. Zhao Z, Shi H, Liu Y, Zhao H, Su H, Wang M, et al. The influence of duckweed species diversity on bio-

mass productivity and nutrient removal efficiency in swine wastewater. Bioresource technology. 2014

Sep 1; 167:383–9. https://doi.org/10.1016/j.biortech.2014.06.031 PMID: 24998479

14. Ge X, Zhang N, Phillips GC, Xu J. Growing Lemna minor in agricultural wastewater and converting the

duckweed biomass to ethanol. Bioresource Technology. 2012 Nov 30; 124:485–8. https://doi.org/10.

1016/j.biortech.2012.08.050 PMID: 22985823

15. Cheng JJ, Stomp AM. Growing duckweed to recover nutrients from wastewaters and for production of

fuel ethanol and animal feed. Clean–Soil, Air, Water. 2009 Jan; 37(1):17–26.

16. Dalu JM, Ndamba J. Duckweed based wastewater stabilization ponds for wastewater treatment (a low

cost technology for small urban areas in Zimbabwe). Physics and Chemistry of the Earth, Parts A/B/C.

2003 Jan 1; 28(20–27):1147–60.

17. Ozengin N, Elmaci A. Performance of Duckweed (Lemna minor L.) on different types of wastewater

treatment. Journal of Environmental Biology. 2007 Apr 1; 28(2):307–14. PMID: 17915771

18. Driever SM, van Nes EH, Roijackers RM. Growth limitation of Lemna minor due to high plant density.

Aquatic Botany. 2005 Mar 1; 81(3):245–51.

19. Duong TP, Tiedje JM. Nitrogen fixation by naturally occurring duckweed–cyanobacterial associations.

Canadian journal of microbiology. 1985 Apr 1; 31(4):327–30.

20. Cedergreen N, Madsen TV. Nitrogen uptake by the floating macrophyte Lemna minor. New Phytologist.

2002 Aug; 155(2):285–92.

21. Zhang K, Chen YP, Zhang TT, Zhao Y, Shen Y, Huang L, et al. The logistic growth of duckweed

(Lemna minor) and kinetics of ammonium uptake. Environmental technology. 2014 Mar 4; 35(5):562–7.

22. Zimmo OR, Van der Steen NP, Gijzen HJ. Nitrogen mass balance across pilot-scale algae and duck-

weed-based wastewater stabilization ponds. Water Research. 2004 Feb 1; 38(4):913–20. https://doi.

org/10.1016/j.watres.2003.10.044 PMID: 14769411

23. Lasfar S, Monette F, Millette L, Azzouz A. Intrinsic growth rate: a new approach to evaluate the effects

of temperature, photoperiod and phosphorus–nitrogen concentrations on duckweed growth under con-

trolled eutrophication. Water research. 2007 Jun 1; 41(11):2333–40. https://doi.org/10.1016/j.watres.

2007.01.059 PMID: 17462697

24. Al Nozaily F. Performance and Process Analysis of Duckweed-Covered Sewage Lagoons for High

Strength Sewage-the Case of Sana’a, Yemen. CRC Press; 2000.

25. Landolt E, Kandeler R. Biosystematic investigations in the family of duckweeds (Lemnaceae), Vol. 4:

the family of Lemnaceae-a monographic study, Vol. 2 (phytochemistry, physiology, application, bibliog-

raphy). Veroeffentlichungen des Geobotanischen Instituts der ETH, Stiftung Ruebel (Switzerland).

1987.

26. Campbell NA, Reece JB, Simon E. The Body’s Defenses. Biology, sixth edition. Wilbur B. (ed), Pear-

son Education, Inc, San Fransisco. 2002.

27. Leng RA, Stambolie JH, Bell R. Duckweed-a potential high-protein feed resource for domestic animals

and fish. Livestock Research for Rural Development. 1995 Oct; 7(1):36.

28. Ojoawo SO, Agbede OA, Sangodoyin AY. Characterization of dumpsite leachate: case study of Ogbo-

mosoland, South-Western Nigeria. Open Journal of Civil Engineering. 2012 Mar 13; 2(01):33.

29. Aziz SQ, Mojiri A. Composition of leachate. InCivil and Environmental Engineering: Concepts, Method-

ologies, Tools, and Applications 2016 (pp. 248–274). IGI Global.

30. Federation WE. Association APH. Standard methods for the examination of water and wastewater.

American Public Health Association (APHA): Washington, DC, USA. 2005.

31. Alaerts GJ, Mahbubar R, Kelderman P. Performance analysis of a full-scale duckweed-covered sewage

lagoon. Water Research. 1996 Apr 1; 30(4):843–52.

32. Edwards P, Hassan MS, Chao CH, Pacharaprakiti C. Cultivation of duckweeds in septage-loaded

earthen ponds. Bioresource Technology. 1992 Jan 1; 40(2):109–17.

33. Iqbal JA, Baig MA. Nitrogen and phosphorous removal from leachate by duckweed (Lemna minor).

Environment Protection Engineering. 2017; 43(4).

34. Iqbal J, Saleem M, Javed A. Effect of electrical conductivity (Ec) on growth performance of duckweed at

dumpsite leachate. Int. J. Sci., Environ. Technol. 2017; 6:1989–99.

35. Vermaat JE, Hanif MK. Performance of common duckweed species (Lemnaceae) and the waterfern

Azolla filiculoides on different types of wastewater. Water research. 1998 Sep 1; 32(9):2569–76.

36. Landesman L, Chang J, Yamamoto Y, Goodwin J. Nutritional value of wastewater-grown duckweed for

fish and shrimp feed. World Aquaculture. 2002 Dec; 33(4):39–40.

37. Krishna KB, Polprasert C. An integrated kinetic model for organic and nutrient removal by duckweed-

based wastewater treatment (DUBWAT) system. ecological engineering. 2008 Oct 6; 34(3):243–50.

Performance of duckweed on synthetic and dumpsite leachate

PLOS ONE | https://doi.org/10.1371/journal.pone.0221755 August 27, 2019 9 / 9

https://doi.org/10.1016/j.biortech.2014.06.031
http://www.ncbi.nlm.nih.gov/pubmed/24998479
https://doi.org/10.1016/j.biortech.2012.08.050
https://doi.org/10.1016/j.biortech.2012.08.050
http://www.ncbi.nlm.nih.gov/pubmed/22985823
http://www.ncbi.nlm.nih.gov/pubmed/17915771
https://doi.org/10.1016/j.watres.2003.10.044
https://doi.org/10.1016/j.watres.2003.10.044
http://www.ncbi.nlm.nih.gov/pubmed/14769411
https://doi.org/10.1016/j.watres.2007.01.059
https://doi.org/10.1016/j.watres.2007.01.059
http://www.ncbi.nlm.nih.gov/pubmed/17462697
https://doi.org/10.1371/journal.pone.0221755

