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ABSTRACT: 

 

Landfill leachate management is a challenge that continues into the post-closure period. 

Managers often pay for leachate treatment by volume, biological oxygen demand (BOD) and/or 

chemical oxygen demand (COD) loading, and nitrogen loading (Wang et al, 2011). Reviews on 

the application and cost of various landfill leachate treatment processes have been conducted 

(Renou et al, 2008), including the use of phytoremediation (Jones et al, 2006). However, the use 

of simple, inexpensive, passive pre-treatment systems, specifically floating treatment wetlands 

employing saline-tolerant plants, is limited, in part due to the limited availability of research in 

this area. As landfill leachate may contain large concentrations of organic matter, ammonia-

nitrogen, heavy metals, chlorinated organic and inorganic salts, lead, cadmium, mercury, and 

chromium, the choice of plant species is an important issue in floating constructed wetlands as the 

plants need to survive potential toxic effects of the leachate and its variability in quality (Madera-

Parra et al, 2015). Due to the low-cost, low-maintenance, and potential high treatment capability 

of floating constructed wetlands to pre-treat landfill leachate stored in ponds, research into 

appropriate plant species and system optimization is warranted. This technology, using plants 

natural to South Florida, may be an ideal system for the pre-treatment of leachate prior to discharge 

to publically operated treatment works (POTW). This work is aimed to assess the suitability of 

tropical plant species in South Florida for phytoremediation of a Class 1 leachate from a closed 

landfill being stored in ponds prior to discharge to POTW utilizing floating constructed wetlands. 

The end goal of this research is to provide design criteria for floating treatment wetlands so that 

landfill managers can reduce leachate management costs by pre-treating leachate using floating 

aquatic treatment wetlands. 
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Executive Summary 

 

Landfill leachate management is a challenge that continues into the post-closure period. Managers 

often pay for leachate treatment by volume, biological oxygen demand (BOD) and/or chemical 

oxygen demand (COD) loading, and nitrogen loading (Wang et al, 2011). Reviews on the 

application and cost of various landfill leachate treatment processes have been conducted (Renou 

et al, 2008), including the use of phytoremediation (Jones et al, 2006). However, the use of simple, 

inexpensive, passive pre-treatment systems, specifically floating treatment wetlands employing 

saline-tolerant plants, is limited, in part due to the limited availability of research in this area. As 

landfill leachate may contain large concentrations of organic matter, ammonia-nitrogen, heavy 

metals, chlorinated organic and inorganic salts, lead, cadmium, mercury, and chromium, the choice 

of plant species is an important issue in floating constructed wetlands as the plants need to survive 

potential toxic effects of the leachate and its variability in quality (Madera-Parra et al, 2015). Due 

to the low-cost, low-maintenance, and potential high treatment capability of floating constructed 

wetlands to pre-treat landfill leachate stored in ponds, research into appropriate plant species and 

system optimization is warranted. This technology, using plants natural to South Florida, may be 

an ideal system for the pre-treatment of leachate prior to discharge to publically operated treatment 

works (POTW). This work is aimed to assess the suitability of tropical plant species in South 

Florida for phytoremediation of a Class 1 leachate from a closed landfill being stored in ponds 

prior to discharge to POTW utilizing floating constructed wetlands. The end goal of this research 

is to provide design criteria for floating treatment wetlands so that landfill managers can reduce 

leachate management costs by pre-treating leachate using floating aquatic treatment wetlands. 

 

Therefore, the objectives of this work are: 

I. Using bench-scale, discontinuous batch reactors filled with landfill leachate from an 

active Class 1 landfill which uses waste-to-energy ash as part of the daily cover, identify 

at least three saline-tolerant floating, floating-leaved, or emergent plants natural to South 

Florida that could survive on a floating wetland in a landfill leachate storage pond. 

II. Determine effectiveness of phytoremediation to reduce chemical oxygen demand (COD) 

and inorganic nitrogen (ammonium, nitrate, and nitrite) concentrations in landfill leachate 

using plants natural to South Florida (Obj 1) using bench-scale, discontinuous batch 

reactors. 

III. Remove soil matrix and evaluate effectiveness of plants to survive and reduce COD and 

inorganic nitrogen concentrations in landfill leachate using floating apparatus. 

IV. Dilute leachate with storm water to evaluate the extent co-treatment reduces salinity 

levels and improves phytoremediation efficacy. Perform cost-benefit analysis (increased 

volume due to co-treatment vs improved discharged quality). 

V. Quantify effect of dissolved oxygen (DO) and pH on the ability of phytoremediation to 

reduce COD and inorganic nitrogen concentrations in bench-scale, discontinuous batch 

reactors. 
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This study explores low-cost, low-maintenance, floating wetland treatment systems that have the 

potential to passively treat leachate in ponds, reducing inorganic nitrogen and COD loading 

before discharge to POTW. The end goal of this research is to provide design criteria for floating 

treatment wetlands so that landfill managers can reduce leachate management costs by pre-

treating their leachate. 

Using Class I landfill leachate from a landfill that uses waste-to-energy ash as part of the daily 

cover, the best surviving plants when suspended in leachate without a soil matrix were Black 

Mangrove, White Mangrove, Red Mangrove, and Mangrove Spider Lily. Results showed that 

some ammonium and COD removal can be accomplished with the floating constructed wetlands 

proposed herein. Using bench-scale data, constituent removals were not adequate to justify the 

cost of the system if the constituent concentrations are within the acceptable limits for discharge. 

However, when above discharge standard concentrations, these systems may be particularly 

useful to bring concentrations down to acceptable discharge standards.  

Since saplings and small plants were used in the experiment, plants were isolated and grown in 

leachate as single monocultures, and since the soil matrix was removed in Objective III, IV and 

V, scale-up experiments are recommended to study the impact of larger plants, polycultures, and 

the importance of the soil-root matrix.  

Since leachate is a complex, industrial waste stream, it is critical to choose plants that can 

survive and function in the leachate matrix. This is particularly challenging with leachate that 

contains waste-to-energy ash as the salinity is substantially greater than Class I landfill leachate 

without ash. Cost effectiveness can be optimize by increasing plant longevity.  

Due to the variability in plant response to leachate inundation, and the varying displays of 

chlorosis, the spatial arrangements of the plants in the floating wetland should be determined 

strategically. 
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Floating aquatic treatment wetlands for phytoremediation pre-treatment of 

municipal landfill leachate employing saline-tolerant plants natural to South 

Florida 
Ashley Danley-Thomson, Sarah Stauring, Sandra Un Jan, Austin Wise, Marilia Mansano Soares 

Department of Environmental and Civil Engineering, Florida Gulf Coast University, 10501 FGCU Blvd S, Fort Myers, Florida 33965, United 
States, (239)745-4390, athomson@fgcu.edu 

Abstract 

Landfill leachate management is a challenge that continues into the post-closure period. Managers 

often pay for leachate treatment by volume, biological oxygen demand (BOD) and/or chemical 

oxygen demand (COD) loading, and nitrogen loading (Wang et al, 2011). Reviews on the 

application and cost of various landfill leachate treatment processes have been conducted (Renou 

et al, 2008), including the use of phytoremediation (Jones et al, 2006). However, the use of simple, 

inexpensive, passive pre-treatment systems, specifically floating treatment wetlands employing 

saline-tolerant plants, is limited, in part due to the limited availability of research in this area. As 

landfill leachate may contain large concentrations of organic matter, ammonia-nitrogen, heavy 

metals, chlorinated organic and inorganic salts, lead, cadmium, mercury, and chromium, the choice 

of plant species is an important issue in floating constructed wetlands as the plants need to survive 

potential toxic effects of the leachate and its variability in quality (Madera-Parra et al, 2015). Due 

to the low-cost, low-maintenance, and potential high treatment capability of floating constructed 

wetlands to pre-treat landfill leachate stored in ponds, research into appropriate plant species and 

system optimization is warranted. This technology, using plants natural to South Florida, may be 

an ideal system for the pre-treatment of leachate prior to discharge to publically operated treatment 

works (POTW). This work is aimed to assess the suitability of tropical plant species in South 

Florida for phytoremediation of a Class 1 leachate from a closed landfill being stored in ponds 

prior to discharge to POTW utilizing floating constructed wetlands. The end goal of this research 

is to provide design criteria for floating treatment wetlands so that landfill managers can reduce 

leachate management costs by pre-treating leachate using floating aquatic treatment wetlands. 

 

Objectives 

I. Using bench-scale, discontinuous batch reactors filled with landfill leachate from an active 

Class 1 landfill which uses waste-to-energy ash as part of the daily cover, identify at least 

three saline-tolerant floating, floating-leaved, or emergent plants natural to South Florida 

that could survive on a floating wetland in a landfill leachate storage pond. 

II. Determine effectiveness of phytoremediation to reduce chemical oxygen demand (COD) 

and inorganic nitrogen (ammonium, nitrate, and nitrite) concentrations in landfill leachate 

using plants natural to South Florida (Obj 1) using bench-scale, discontinuous batch 

reactors. 

III. Remove soil matrix and evaluate effectiveness of plants to survive and reduce COD and 

inorganic nitrogen concentrations in landfill leachate using floating apparatus. 

IV. Dilute leachate with storm water to evaluate the extent co-treatment reduces salinity levels 

and improves phytoremediation efficacy. Perform cost-benefit analysis (increased volume 

due to co-treatment vs improved discharged quality). 

mailto:athomson@fgcu.edu
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V. Quantify effect of dissolved oxygen (DO) and pH on the ability of phytoremediation to 

reduce COD and inorganic nitrogen concentrations in bench-scale, discontinuous batch 

reactors. 

 

Introduction 

Municipal solid waste (MSW) is disposed of in Florida in two main ways: landfills and waste-to-

energy plants. Landfilled waste produces an industrial wastewater, called leachate, when rain 

percolates through the landfill, comes in contact with all the waste inside the landfill, and exits out 

of the bottom. Landfill operators are challenged to handle landfill leachate in environmentally-

responsible ways. In the state of Florida, landfill operators have two main options for leachate 

disposal: deep well injection or discharge to a wastewater treatment facility (WWTP). Leachate is 

known to be complex, potentially containing many different complex and hazardous constituents 

and there are several known leachate management challenges at WWTP, including ammonia 

removal inhibition, biological treatment upset, and chemical overloading. Because of these 

challenges, industrial wastewater dischargers are charged to discharge to WWTP based on the 

concentration of various constituents in the discharged industrial wastewater, as well as the 

volume. Therefore, any pretreatment that the leachate can undergo before discharge to a WWTP 

can reduce discharge costs. However, pre-treatment options for landfill leachate that include high-

tech solutions with high operation and maintenance costs may not be sustainable at many landfill 

sites. Constructed wetlands can be a low-cost, low-maintenance option to treat a variety of waste 

streams and they have been utilized and researched for decades (Sayadi et al, 2012; Vymazal, 

2010). In recent years, the use of traditional constructed wetlands to treat landfill leachate prior to 

discharge to a WWTP has been documented (Białowiec et al, 2012; Mojiri et al, 2013). However, 

the use of floating constructed wetlands in leachate storage ponds have been limited. This may be 

in part due to the inhibitory qualities of leachate on plant growth, particularly the high saline 

concentrations found in leachate exposed to waste-to-energy ash. However, the use of floating 

constructed wetlands in leachate storage ponds could be an option for passive pre-treatment, with 

little to no change in landfill operation and leachate flow regimes required, which would save 

costs, improve the environmental impact, and be a relatively easy solution to implement.  

 

Pre-treatment of landfill leachate by phytoremediation with native salt-tolerant plants may be 

effective at removing compounds which are disruptive to wastewater treatment plant processing 

trains. Leachate has also been effectively remediated with plants, a process known as 

phytoremediation (Daud et al., 2018). Floating aquatic wetlands can provide many functions in 

terms of phytoremediation. They can provide filtering, improved hydraulic conductivity, a surface 

for microbial attachment and processes, storage and uptake of nutrients, and serve as bioindicators 

(Shelef, Gross, & Rachmilevitch, 2013). Specifically, floating aquatic treatment wetlands can be 

deployed into the existing leachate storage pond infrastructure, which would not require any 

infrastructure configuration changes. Due to the low-cost, low-maintenance, and potential high 

treatment capability of floating constructed wetlands to pre-treat landfill leachate stored in ponds, 

research into appropriate plant species and system optimization is warranted. This technology, 
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using plants natural to South Florida, may be an ideal system for the pre-treatment of leachate prior 

to discharge to publically operated treatment works (POTW). 

 

Landfill leachate management is a challenge worldwide, and this challenging is growing as 

wastewater treatment plant operations are less and less willing to accept leachate into their 

facilities, due to leachate’s high concentrations of COD and nitrogen. This study explores a low-

cost, low-maintenance, floating wetland treatment system that has the potential to passively treat 

leachate in ponds, reducing inorganic nitrogen and COD loading before discharge. The end goal 

is to provide design criteria for floating treatment wetlands so that landfill managers can reduce 

leachate management costs by pre-treating their leachate using this type of system. 

 

Background 

 

A. Salt Tolerance 

 

Plants can be classified in terms of salinity, as glycophytes or euhalophytes. Glycophytes will 

demonstrate growth inhibition, and eventually death, in a saline soil environment. A saline 

environment is considered to be concentrations of 100–200 mM (Acosta-Motos et al., 2017). The 

leachate in the experiment has an average salinity of 28.89 ppt (parts per thousand). For 

reference, seawater is normally 35 ppt. Euhalophytes can persist in saline environments, 300 – 

500 mM, due to their salt resistance mechanisms. Some of these mechanisms include excluding 

the salt from the vascular system, secreting glands and hairs that keep the salt levels at an 

acceptable level, increasing the storage volume of their cells as they increase salt uptake, and 

distributing the salt throughout the plant. The effects of salinity are first felt by the roots of the 

plants. Due to a concentration difference between the roots and the saline environment, osmotic 

stress occurs. (Acosta – Motos et. al., 2017). This concentration difference also causes salt-

induced ion toxicity in the cytosol, thus inhibiting plant growth. Excessive Cl− and Na+ uptake 

can lead to Ca2+ and K+ deficiency, as well as other nutrient imbalances. The soil water potential, 

or the potential energy of the water, is diminished by the salts, leading to a reduction in plant 

growth (Acosta – Motos et.al., 2017). This reduction in growth is then is demonstrated by the 

leaves, as the vacuoles become full with the rapid increase of salts, and cannot accept any further 

incoming salts that have infiltrated the cell wall and cytoplasm. This process will inhibit the 

supply of carbohydrates and growth hormones needed for new growth, with the “meristem”, the 

actively dividing new cells. A common symptom of salt toxicity is a general decrease in dry 

weight, especially in the aerial regions of the plant. Accumulation of Cl-  ions have been linked to 

1-aminocyclopropane-1-carboxilic acid (ACC) synthesis, which is converted to ethylene, a plant 

hormone that contributes to increase leaf abscission, the dropping of leaves.  

 

A saline environment can cause accumulation of Na+ and Cl– ions in the chloroplast, causing 

damage to the thylakoid membranes. Reference Figure 1 and Figure 2 for images of a 

chloroplast. This damage inactivates the electron transport chain and phosphorylation of the 

thylakoid membranes (Ashraf, et. al., 2013). Salt stress can affect the biosynthesis activity of the 

chlorophyll (Chl). This can be seen in chlorosis of the leaves, is due to a decrease in chlorophyll 

concentration (Prassad & Strzatka, 2002). It has been noted that in saline tolerant plants in a 
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saline environment, the Chl concentration increases. Whereas in non-saline tolerant plants in a 

saline environment, the Chl level decreases. A study by Gomathi and Rakkiyapan, performed on 

sugarcane, noted that salt stress at the level of 7 – 8 dS/m caused reductions in chlorophyll and 

carotenoid (Car) contents. To determine chlorophyll and carotenoid measurements, Chl and Car 

were extracted from the leaf using 80% acetone. Absorbance were recorded at 665, 645 and 470 

nm. Chlorophyll a, chlorophyll b, and total chlorophyll were calculated by using the methods 

dictated by Arnon. Carotenoid content was estimated according to the method of Lichtenthaler 

and Wellburn (Gomathi & Rakkiyapan, 2011). The following equations can be used, with the 

absorbance, to determine the chlorophyll a and b levels (Kamble, Giri, Mane, & Tiwana, 2015).  

 

Chl a= 11.75×A662.6 – 2.35×A645.6 

Chl b=18.61×A645.6 – 3.96× A662.6 

 

Both Chl and Car are pigments within plants. The study also noted that salt tolerant varieties 

exposed to the same concentration exhibited higher pigment contents. The authors also mention 

the Fv/Fm value in plants. This value describes fluorescence induction parameters that quantify 

“the maximum quantum efficiency of PSII” (Ashraf, et. al., 2013). The PSII is in the thylakoid 

membrane, and it absorbs light, transferring energy to a reaction center, moving electrons and 

creating a proton gradient. A healthy Fv/Fm leaf value is around 0.8. A lower value indicates the 

plant is under stress, and is demonstrating photoinhibition, indicating that a portion of the PSII 

reaction centers may be damaged. The effect of salt stress on PSII reaction centers is widely 

debated, with no general consensus of the effects.  

 

Other processes that are affected by salinity include gas exchange, and enzymatic activity. Saline 

environments may cause the stomata to close, in coordination with the uptake of abundant 

amounts of Na+ that may affect the electron transport chain. See Figure 3 for an image of a 

stomata. Disruptions to the electron transport chain will cause a reduction in photosynthesis 

capacity.  The reduction of photosynthetic activity is seen in decreased rates of production of 

ATP. It has been shown that high levels of salt can inhibit Rubisco enzyme activity. Rubisco 

serves to help fix carbon dioxide during photosynthesis. A positive correlation between rubisco 

content in leaves and net photosynthetic rate occurs in most C3 plants, however, other studies 

contradict this (Ashraf & Harris, 2013). A C3 plant uses only the Calvin Cycle to fix carbon 

dioxide via a three carbon pathway (Raven, et.al., 2005). C3 plants are the typical plant, in that 

they produce 3 – phosphoglycerate as the first product in photosynthesis (Reece et al., 2011). 

Further research is necessary to determine the correlation.  

 

There are many mechanisms by which plants can tolerate salt. One method is avoidance of the 

high salt concentrations, which can be achieved by passive exclusion of ions through a 

permeable membrane, using ion pumps to actively remove the salt, and by diluting within the 

plant tissue. Another is storing the high salt concentrations in vacuoles within the plant cells. 

Trichomes, hair like structures on the leaf surface, can also excrete salt, lowering the levels 

within the plant (Ashraf, Ahmad, & Ozturk, 2010).  
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Figure 1. Chloroplasts in a plant cell. Photosynthesis takes place in the chloroplast of a cell, and 

photosynthesis is affected by salinity levels within a plant (Arizona State University, K. P., n.d.).  

 

 

 

 

 

 

 

 

 

 

Figure 2. Structure of a Chloroplast. Chloroplasts play a role in photosynthesis, which can be 

affected by the salt concentration within a plant (Nature Education, n.d.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Open (picture on the left) and closed (right) stomata. The stomata opening and closing 

is affected by salt uptake in the plant (Taiz et al, 2015). 

 

 

B. Dehydration 
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Water potential controls the movement of water. Pure water is considered to have a potential of 

zero. Any substance dissolved in water lowers its potential. In the case of the giant leather ferns, 

it appears that the water potential of the leachate (with dissolved salts and metals) was much 

lower than the water potential within the plant. It is visually assumed that the water diffused 

from the plant (with a lower solute concentration and higher water potential) to the leachate 

(with a higher solute concentration and lower water potential. This can be explained by the water 

potential and osmosis phenomena. The external solution, the leachate, is more concentrated than 

the solution within the plants, so the leachate is considered hypertonic. The water that diffuses 

out of the plant into the leachate then makes the plant appear dry and brittle, essentially 

dehydrated. Within plant cells this mechanism makes the cells plasmolyzed, all shriveled up 

(Bigwell, 1979). From visual observation, the giant leather ferns in Objective II showed signs of 

dehydration, believed to be due to osmosis. Refer to Figure 4 for images of the giant leather ferns 

at day zero and day two of the trial.  

 

 
Figure 4. Day 0 and Day 7 images of the giant leather fern replicates. These plants are showing 

signs of dehydration, which is attributed to the saline content of the leachate.  

 

C. Ammonia Processing Mechanisms 

 

It is important to understand the process by which plants use ammonia, to then understand how 

toxicity can occur. Ammonia toxicity is a concern for the plants during phytoremediation of 

leachate. Morot – Gaudry state that a nitrogen deficiency will increase the uptake of ammonium 

by the plant. However, if there is an abundance of other forms of nitrogen, the uptake of 

ammonium will be reduced. The rate of absorption of ammonium however, does not correlate 
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with concentration in the plant tissues (Morot - Gaudry, 2001). Most ammonium absorbed by 

roots is assimilated into the roots, and only at extremely high concentrations has ammonium 

been detected in xylem sap. The negative effects caused by ammonia are known as, “ammoniacal 

syndrome”, including acidification of the root environment, and disturbance in hydromineral 

nutrition. The negative effects due to ammonia depend on each species of plant. However, 

generally, these effects appear around 1 mM of NH4
+ in the root environment. The addition of 

nitrate, and other permeable anions, such as Cl-, can help the plant survive in environments with 

higher doses of ammonium. However, our research suggests that the plants are exposed to Cl- 

ions, as seen with the salinity data.  

 

It is proposed that the uptake of ammonium results in the release of hydrogen ions into the 

external environment, leading to acidification. This inhibits the uptake of any additional NH4
+, 

due to the concentration gradient. The soil is highly saturated with hydrogen ions, and resists the 

addition of more hydrogen ions, thus preventing the uptake of further ammonium. (Morot - 

Gaudry, 2001). This can lead to nitrogen deficiency in plants that are receiving nitrogen input in 

the form of ammonia, instead of nitrate. Ammonium also has been linked with lowering the 

absorption of other cations, such as Ca2+  and K+, as they compete with ammonium for 

absorption sites and ionic canals.  It is interesting to note that with the use of ammonia for plant 

nutrition, amino acids (specifically asparagine) accumulate in the roots. Root acidification has 

been attributed to diminished growth in plants. By using mixed nutrition, nitrate and ammonia, 

the plant benefits greatly. Root acidification due to ammonia, is now balanced with alkalization 

due to the uptake of nitrate. However, studies have shown that the plant absorbs ammonia more 

than nitrate. Soil usually can provide a buffer to ammoniacal syndrome, as the soil provides other 

nitrogen species for the plant to uptake, instead of absorbing possibly harmful levels of 

ammonia. When providing a nutrient solution that contains nitrogen in the form of nitrate and 

ammonium, the ideal ratio is 4:5 nitrate and 1:5 ammonium (Morot - Gaudry, 2001).   

 

D. Root Systems of Plants  

  

While the root system of plants is highly overlooked, it is important to understand the root 

physiology. Ten different root systems used as the basis for a root classification system, 

developed by Cannon in 1949, can be seen in Figure 7. There are three basic patterns in root hair 

development. Root hairs help stabilize the plants in soil, and assist with nutrient and water 

uptake. Type I root hair development occurs in most ferns, dicots and monocots. With Type I 

root hair development, every epidermal cell has the possibility of differentiating into a root hair. 

Type II root development is seen in primitive vascular plants, the Nymphaeaceae family, and 

some monocots. This type of development occurs when asymmetrical cell division occurs among 

the epidermal cells, with only some of the cells producing root hairs. Type III root hair 

development only occurs in the Brassicacaceae family, where the root hairs are produced in 

alternating cells. There are no plants from the Brassicacaceae family in the current study (Taiz, 

L., et.al, 2015). Monocots are flowering plants that contain a single cotyledon (seed) in the 

embryo, and typically are more complex and fibrous. Eudicots (a subcategory of dicots), have 

two cotyledons (seed leaves) within the embryo, typically are less fibrous and less complex, 

maintaining an easily identified central tap root. The set-up of a root system will differ for the 

need of each plant, for example, resistance to wind uprooting, or the need for long distance 

transfer of water, as seen with plants with more root strands. (Waisel, et. al., 1996). It is widely 
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accepted that the lateral roots determine the root system. While differing metals may have 

differing interactions with various plants, the following trends are noted. With exposure to 

metals, the formation of new lateral roots and root hairs is decreased, and the root elongation rate 

is decreased (Waisel, et. al., 1996). With an increased exposure to metals the following was 

observed, root tip dieback, lignification – the removal of water from the cell wall to strengthen 

the cell wall - and suberization – increasing the suberin in the cell wall, responsible for the 

bending of the cell wall and general “cork” elasticity (Pereira, 2007). The meristem of the plant 

is where the new growth of the root occurs. The root cap protects the meristem. (Taiz, L., et. al., 

2015). The structure of a root can be seen in Figure 5 and 6.  

 

Contractile roots are the name given to the plants that appear to have a bulb as part of the root 

system. In the current research, the mangrove spiderlily (Hymenocallis latifolia) demonstrates 

contractile roots. Contractile roots are widespread among the family of the mangrove spiderlily, 

Amaryllidaceae. These serve to store nutrients. The plant can subject the contractile root to the 

depth in the soil that is necessary for that time period. For instance, with cold winters, the plant 

would be able to move the contractile root under the soil for protection (Waisel, et. al., 1996).  
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Figure 5. A. Classification of root systems. B. Mangrove Spiderlily displaying root system type 

VII. C. Sawgrass displaying root system type IV. The root systems of plants are involved with 

the plant stabilization, uptake of metals, and nutrients. Different root systems can provide 

different functions for the plant which may help in the phytoremediation of leachate (Waisel, et. 

al., 1996). 

 

 

 
 

 

 

Figure 6. Structure of a root. Increased exposure to metals, as seen with leachate, can be 

detrimental to the root (Taiz, L, et. al., 2015).  

 

E. Metals 

 

The heavy metals that are taken into consideration are most often elements that are essential to 

plant growth. These include iron, manganese, zinc, copper, nickel and molybdenum. Other 

nonessential metals are cadmium, lead, mercury, and are considered toxic or neutral. Decreased 

growth and chlorosis can be signs of metal stress. Necrotic spots or whole leaf necrosis is also a 

symptom of metal stresses in plants. The originating site of metal toxicity is frequently the root 

system. For the current research, the metal mechanisms of vascular plants are relevant. Stage 1 of 

heavy metal action includes binding of the metal to membrane proteins, root exudates, and the 
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cell wall. Also in stage 1 is lipid peroxidation, and the creation of active oxygen species. Lipid 

peroxidation is the degradation of the poly-unsaturated fatty acids within the lipid membrane of 

the plant cells. Stage 1 of heavy metal action occurs in the apoplast, the area outside of the 

plasma membrane, including the cell wall. Stage 2 occurs in the symplast, the cytoplasm network 

within plant cells. While in stage 2, more active oxygen species are being produced, as well as 

metal binding to macromolecules, enzymes and metabolites. From stage 2, the metals enter the 

xylem and are transported to the shoot. In Stage’s 3, 4, and 5 the whole plant is considered for 

the mechanisms. Stage 3 involves inhibition of the major processes in a plant, including: cell 

division and expansion, photosynthesis, respiration, nitrogen metabolism, and transpiration. 

Stage 4 involves inhibition of plant growth, morphological changes, drying, and chlorosis and 

necrosis. Stage 5 is plant death. Refer to Figure 7 for the metal mechanisms in plants. At each 

stage there are possible plant responses that will help the plant with tolerance to the metal 

toxicity. Most accumulated heavy metals remain in the roots (Prassad & Strzatka, 2002).  
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Figure 7. Metal mechanism within plants. Heavy metals start in the root system (apoplast and 

symplast), and then join the whole plant system. Chlorosis, as seen on the Mangrove Spiderlily is 

a symptom of the metal mechanisms. 

 

Heavy metals are easily taken up by plants, and compete with many of the essential nutrients. 

Heavy metals can be split into three groups, as relevant to uptake by plants. The first group is 

considered essential to plants, and become toxic when in excess. These include: iron, copper, 

manganese, and molybdenum. The metals accumulate in the roots of plants. The second group 

includes divalent cations. They are taken up more easily when in their ionic form, and not 

chelated. They accumulate in the roots, and are transported in low amounts to the shoots. The 

third group includes trivalent cations. They are taken up easily if in the chelated form, and are 

distributed throughout the plant. “Heavy metals interfere strongly with Fe, leading to strong 

deficiency of this crucial element” (Prassad & Strzatka, 2002). Fe deficiency was seen in plants 

demonstrating increased amounts of Cd, Cu, Co, Cr, P, Ni, Mn and Zn. Photosynthesis is 

negatively affected by iron deficiency.  

 

A review on heavy metal toxicity mechanisms and tolerance in plants indicates that, heavy metal 

toxicity occurs for a variety of reasons. The Fenton reaction uses iron and hydrogen peroxide to 

oxidize and produce radicals and higher oxidations states of iron (Winterbourn, 1995). Hydrogen 

peroxide can be used as an indication for environmental stresses within the plants and 

surrounding environment (Shelef, Gross, & Rachmilevitch, 2013). Decreasing hydrogen 

peroxide levels have been correlated with decreasing biochemical oxygen demand, chemical 

oxygen demand, total suspended solids, total nitrogen and ammonia. Methylglyoxal (MG), a 

cytotoxic compound, is seen in increased levels in plants introduced to heavy metals. MG also 

increases production of reactive oxygen species (ROS). ROS and MG have effects on plant cells 

such as macromolecule and cell membrane breakdown, and DNA strand cleavage. This 

ultimately leads to plant death.  (Hossain, Piyatida, Teixeira da Silva, & Fujita, 2012, p. 3). 

Different heavy metals will have differing effects on plants, however, overall, diminished plant 

growth is a common heavy metal toxicity symptom.  

 

Antioxidants will be produced as a result of ROS production. One example is glutathione, which 

will hunt radical oxygen species, as part of the ascorbate – glutathione cycle, and transport the 

heavy metal to a vacuole for safekeeping (Kadukova et.al., 2010). Figure 8 demonstrates the 

possible effects of heavy metals on a plant.  
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Figure 8. Plant stress effects due to metals. Heavy metal stress can be demonstrated by the plant 

in many ways. The graphic demonstrates the ways in which the plants in the study may be 

dealing with the heavy metal stress imparted by the leachate (Kadukova et. al., 2010). 

 

F. Nutrient Ranges for Plants  

 

There are two ways to define nutrient ranges for plants. The first is with a “critical value”, which 

only highlights the lower limit that signals deficiency. The second is with a “sufficiency range”, 

which includes both the lower range at which deficiency, and the upper range at which toxicity 

occur. The University of Georgia states that nutrients to consider for plant health are nitrogen, 

phosphorus, potassium, magnesium, sulfur, calcium, manganese, iron, boron, copper, zinc, 

aluminum and molybdenum. “The critical level of N in many plants is around 3 percent” 

(College of Agricultural and Environmental Sciences University of Georgia, n.d.). The 

phosphorus requirements of plants varies more than it does for nitrogen, with lower requirements 

for tree crops at around 0.12 percent; and higher requirements for grasses at around 0.20 percent. 

Literature has varied on the number of essential nutrients required for plant growth. Most show 

between sixteen and twenty essential nutrients.   

 

The essential nutrients required for plant growth can be broken down into groups: macronutrients 

received from the air, macronutrients received from the soil, and micronutrients received from 

the soil. Macronutrients from the soil include nitrogen, phosphorus, potassium, sulfur, calcium 

and magnesium (Mahler, 2004, p. 1). Table 1 shows the required plant nutrients and their relative 

required content.   

 

Table 1. Nutrients required for plant growth. To understand how the nutrients provided by the 

leachate are affecting the health of the plant, the expected nutrient concentrations must be known 

(Mahler, 2004).  
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20 essential nutrients are noted to be required for plant growth. Carbon, hydrogen and oxygen 

are thought to be about 90% of the dry weight of the plant. The other essential nutrients are 

thought to represent about 1.5% of the dry weight (Lohry, 2007, p. 1). Nitrogen, phosphorus and 

potassium are required in much larger amounts than the other macro and micronutrients. A soil 

test can provide indications of potential nutrient deficiencies or abundance (Lohry, 2007). Table 

2 provides another look at the essential nutrient concentrations within plants.  

 

Table 2. Essential nutrients for plants. To determine if the concentrations within the plants in the 

experiment are in a detrimental range, the adequate range must be known (Lohry, 2007).  
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The sixteen essential nutrients for plant growth include carbon, hydrogen, oxygen, nitrogen, 

phosphorus, sulfur, potassium, calcium, magnesium, iron, manganese, copper, zinc, 

molybdenum, boron and chlorine (Benton Jones, 1998). Trace elements, also known as heavy 

metals, are also critical to plant growth. When either the essential nutrients, or the trace elements, 

are present at elevated levels at the roots, it can lead to toxic effects for the plant. The nutrient 

availability for plants can be affected by the soil chemistry. Many of the elements have 

interactions, for example, if zinc levels are high, the iron metabolism in the plant will be 

negatively affected. Aluminum can also be toxic, however, the plant may exhibit phosphorus 

deficiency symptoms, as aluminum inhibits the uptake of phosphorus by the roots. This soil 

chemistry is changed based on oxygen availability. Anaerobic conditions due to high soil water 

levels can cause element insufficiencies as well (Benton Jones, 1998). Carbon, hydrogen and 

oxygen are essential for photosynthetic functions. Magnesium, phosphorus and iron also are 

important in photosynthesis. 

 

Plant uptake of certain nutrients, (particularly boron, manganese, copper, iron and zinc) can be 

seen if the pH of the soil environment is above 6.5. On the contrary, if the pH dips below 5.4, 

nutrients such as calcium and magnesium will become difficult for the plant to uptake, as they 

become less available. (Gibson, 2001).  

 

G. Chlorosis 

  

Chlorosis is defined as, “a yellowing of leaf tissue due to a lack of chlorophyll”, and can be due 

to poor drainage, damaged roots, compacted roots, high alkalinity, and nutrient deficiencies in 

the plant (University of Illinois Extension, n.d.). Chlorosis is due mainly to iron, manganese or 
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zinc deficiencies. The University of Arizona builds on this topic, with a “Guide to Symptoms of 

Plant Nutrient Deficiencies” by providing a chart with nutrient deficiencies and the physical 

signs of chlorosis associated with each deficiency.  

 

The deficiency symptom will depend on the element’s role within the plant, as well as the 

mobility of the element within the plant. Refer to Table 3 for images of differing chlorosis 

symptoms.  

 

Nitrogen deficiencies are expressed by plants with yellowing of the older leaves. (Mahler, 2004). 

With progression the entire plant will display yellowing. A plant with a phosphorus deficiency 

will have stunted growth, but will remain dark green. Potassium deficiencies are shown with 

streaks or spots of yellow and brown. Brown shows a more severe deficiency. A sulfur 

deficiency will be seen in new plant growth, as new growth will be yellow in color. Magnesium 

deficiencies will be shown in the leaves of the plants. The veins of the plants will continue to 

stay dark green, however, the other areas of the leaf will yellow. Iron chlorosis will be 

demonstrated by new leaves. They will display the same interveinal chlorosis as magnesium, but 

this will be on the younger leaves (Mahler, 2004).  

 

Antagonism is the process by which one element prevents the toxic uptake of another element. 

For this to occur, the elements must not be in the same group on the periodic table. This is a 

delicate process however, because if the antagonizing occurs too well, a deficiency may occur 

(Bidwell, 1979).  

 

Chlorosis symptoms can also be seen due to a cause and effect relationship among different 

nutrients. In regards to salt mechanisms, the sodium and chloride ions separate when dissolved in 

water. These ions then can displace other necessary nutrients in the soil. The plant will uptake 

the sodium and chloride, instead of the other nutrients, disrupting photosynthesis mechanisms, 

thus leading to chlorosis symptoms in the plant, such as leaf burn and die back (Bayer & Njue, 

2016).  
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Table 3. Symptoms of chlorosis. The plants in the study exhibited signs of chlorosis, so this 

provides a reference for the cause of the chlorosis (Integrated Pest Management University of 

Missouri, 2016; Arnall, B., n.d.; McCauley et al, 2011).  

 

Nutrient Type Deficiency 

Symptom 

Excess 

Symptom 

Literature Example 

Nitrogen Macronutrient Slow growing, 

light green to 

yellow in older 

leaves.  

Dark green. 

Usually when 

NH4
+ is the only 

available form of 

N. Breakdown of 

vascular tissue, 

restricting water 

uptake. Stunted 

growth.  

 
Nitrogen deficiency. 

(Arnall, n.d.).  

 

Phosphorus Macronutrient Slow growing, 

stunted growth, 

older leaves are 

dark green with 

purple 

pigmentation. 

Appears as a 

micronutrient 

deficiency (Fe or 

Zn).  

 
Phosphorus deficiency. 

(Arnall, n.d.).  

Potassium Macronutrient Older leaves will 

look as if they 

have been burned 

“scorch”. 

Deficiencies in 

Mg (and 

possibly Ca).  

 
Potassium deficiency. 

(Arnall, n.d.).  

Calcium Macronutrient “Tipburn”: 

growing tips of 

leaves brown, curl 

in, and die. 

Deficiency in 

Mg or K.  

 

Magnesium Macronutrient Yellowing of 

leaves, interveinal 

chlorosis 

beginning on 

older leaves. 

Curling of the 

leaves. 

NA, 

concentration 

can be high in 

the plant without 

affecting 

deficiencies of 

other nutrients.  
Magnesium deficiency. 

(Arnall,  

n.d.).   
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Sulfur Macronutrient The entire plant is 

light yellow 

green. Stems 

become woody. 

First symptoms on 

new leaves.  

Early senescence 

(falling apart, 

deterioration) of 

leaves.  

 
Sulfur deficiency. 

(Arnall, n.d.).  

Boron Micronutrient Abnormal growth 

(meristematic 

tissue). New 

growth will 

become stunted, 

and die.  

Leaf tips turn 

yellow and then 

have necrosis. 

Leaves may fall 

off early.  
 

Boron deficiency. 

(Arnall, n.d.).  

Chlorine Micronutrient Chlorosis of 

younger leaves, 

wilting of plant.  

Early yellowing 

of leaves. 

Burning look at 

ends of leaves, 

bronzing and 

abscission of 

leaves.  
 

Chlorine deficiency. 

(Arnall, n.d.).  

Copper Micronutrient Stunted growth, 

necrosis at apical 

meristem (where 

new growth 

occurs). White 

tips, or bleaching 

of younger leaves. 

Fe deficiency. 

Root growth 

suppressed, 

chlorosis.  

 
Copper deficiency. 

(Arnall, n.d.).  

Iron Micronutrient Interveinal 

chlorosis of 

younger leaves. 

Spreads to older 

leaves as it 

worsens. 

Bronzing of 

leaves, tiny 

brown spots on 

leaves.  

Iron deficiency. (Arnall, 

n.d.).  
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Manganese Micronutrient Stunted growth, 

interveinal 

chlorosis of 

younger leaves. 

Later tan or grey 

spots will appear 

as necrosis 

begins. 

Brown spots on 

older leaves, 

surrounded by a 

chlorotic 

zone/circle. 

Manganese deficiency. 

(Arnall, n.d.).  

Molybdenum Micronutrient Older leaves show 

symptoms first. 

Leaves will roll 

in.  

NA 

 
Molybdenum 

deficiency. (Arnall, 

n.d.). 

Zinc Micronutrient Interveinal 

chlorosis of new 

leaves.  

If sensitive to 

iron, will 

become chlorotic 

to high levels of 

zinc.  
Zinc deficiency. (Arnall, 

n.d.).  
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H. Transformation vs. Storage 

 

Plants lose water through transpiration, the loss of water vapor through stomata. Water moves 

through the xylem in a plant. Inorganic nutrients are moved through the plant by the symplastic 

pathway (Raven, et.al., 2005). Minerals are absorbed by active transport to move from the root 

epidermis to the xylem. This is the reason that many nutrient levels are much higher in the root 

systems than in the rest of the plant. When in the leaf, the inorganic ions are transported through 

the apoplastic pathway. From the xylem they may be transpired through the stomata. The 

inorganic ions may be moved from the xylem to the phloem and then are removed from the leaf 

by the assimilate stream. The assimilate stream moves them to storage, or where they are needed. 

Only ions that are able to move within the phloem are capable of this (such as potassium and 

chlorine) (Raven, et. al., 2005). Salts and inorganics will move up through the plant by the 

xylem. They will move down through the plant by the phloem (Bidwell, 1979).  

 

Boron and molybdenum are translocated from the roots to the shoots and leaves very easily. 

Manganese, nickel, and zinc are fairly mobile. Cobalt, copper, lead and iron are immobile and 

stay within the roots. Phytochelatins help to corral heavy metals in cell vacuoles and perform 

biomineralization. A phytochelatin is a metal binding ligand in plants. Phytochelatins also help 

with translocation of metals within plants, and the homeostasis of metals within plant cells 

(Kaducova et.al., 2010). If metal detoxification does not occur in the underground plant parts, the 

ideal locations for metal detoxification include the cuticles, epidermis and trichomes (Sarwar et. 

al., 2017). The epidermis is the outer layer of a plant (shoot region), which is covered by a waxy 

cuticle layer, and sometimes includes trichomes – outgrowths or small “hairs”. Figure 9 

demonstrates the transport mechanisms involved in phytoremediation of heavy metals.  

 

Transformation and compartmentalization of the pollutants are done in three phases. Phase I 

includes oxidization of the pollutants. Phase II involves the conjugation of the phase I products. 

Joining with GSH (glutathione) is common. Phase III is the compartmentalization of the 

metabolites. They are stored in vacuoles. An example of this is moving the GSH metal 

conjugates from the cytosol.  

 

Mobile nutrients include: nitrogen, phosphorus, potassium, magnesium, and sulfur. Immobile 

nutrients include: calcium, iron, manganese, zinc, copper and boron. Nitrogen plays a role in the 

structure of nucleic acids, amino acids, proteins and enzymes within the plant. Phosphorus is 

involved with membrane structure, and energy transfer (ADP – adenosine triphosphate). 

Phosphorus is known to stimulate rapid plant growth, as well as in root and flower development. 

Potassium is used for intracellular balance, photosynthesis, and regulation of the opening and 

closing of the stomata. Magnesium is an essential part of the chlorophyll molecule, and plays a 

role in enzyme activation. Sulfur is an element found in the amino acid cystine and the vitamin 

thiamine (B12). Cystine is composed of two cysteine molecules. Cysteine is known to be 

important in metal binding as part of a protein’s function. Cystine incorporates a sulfur atom, 

which then creates methionine and other products requiring sulfur (Singh, 1999). Sulfur is 

important for plant growth. Calcium is very important in maintaining the cell wall, and activates 

enzymes related to mitosis and new growth. Iron is involved with the building of chlorophyll. 

Manganese is involved with respiration and photosynthesis. Boron is associated with cell 

division as well. Each element plays a crucial role in the plant’s life cycle. Knowing the 
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functions of the elements can help in determining the chlorosis symptoms and the effect on the 

plant. (Gibson, 2001).  

 

 
Figure 9. Phytoremediation of heavy metals. This demonstrates the possibilities of transport of 

metals within a plant.  (Sarwar et. al., 2017). 
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Methodology 

 

Objective I.  

 

Limited research on Eichhornia crassipes (Water hyacinth) has been conducted and results show 

that it is a promising candidate for application in floating wetlands treating landfill leachate, given 

certain leachate characteristics (El-Gendy et al, 2004).  Water hyacinth was not studied in this 

project since it is listed as a federal noxious weed and a Florida Department of Agriculture and 

Consumer Services Class I prohibited aquatic plant. Twenty-two other plants were studied, 

including Acrostichum danaeifolium (Leather fern), Hymenocallis latifolia (Mangrove spiderlily), 

Juncus roemerianus (Black needlerush), Crinum americanum (Swamp lily), Borrichia fructescens 

(Sea ox-eye), Rhizophora mangle (Red mangrove), Annona glabra (Pond apple), Cephalanthus 

occidentalis (Common buttonbush), Laguncularia racemosa (White mangrove), Pontederia 

cordata (Pickerelweed), Iris virginica (Blue flag iris), Cladium jamaicense (Saw grass), 

Eleocharis cellulose (Gulf Coast Spikerush), Canna flaccida (Yellow canna), Saururus cernuus 

(Lizard tail), Nymphaea spp. (Water lily), Centella asiatica (Asiatic pennywort), Colocasia 

esculenta (Elephant ears), Bacopa monnieri (Water hyssop), Panicum repense (Torpedo grass), 

Avicennia germinans (Black mangrove), and Typha domingensis (Bulrush). All plants listed were 

chosen for examination because 1) they are known to be saline-tolerant, an important parameter 

when considering prolonged exposure to landfill leachate, 2) they are natural to South Florida, and 

3) they are aquatic plants.  

 

Leachate was obtained from an active Class 1 landfill which uses waste-to-energy ash as part of 

the daily cover in Southwest Florida. The waste-to-energy ash causes the salinity of the leachate 

to be higher than that of average Class I landfill leachate. This higher salinity (~35-37 ppt) creates 

a harsh environment for plants to survive in, and because of this, the results from this study may 

be conservative since it is assumed plants could survive better and longer in Class I landfill leachate 

without WTE ash. Batch reactors were utilized (Figure 10 and 11) to simulate the leachate holding 

pond environment in terms of hydraulic residence time. Twenty-two different saline-tolerant plants 

natural to South Florida were evaluated for their ability to tolerate the leachate pond conditions. 

This was done by observation over periods ranging from 14 d to four months. Plants were 

evaluated at four different leachate dilutions: 25% leachate (v/v diluted with water from a storm 

water pond on FGCU’s campus), 50% leachate, 75% leachate and 100% undiluted leachate. 
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Figure 10. Experimental Set Up.  The set-up of the bench scale discontinuous batch reactors for 

the experiment.  

 

Objective II.  

 

Using the setup in Figure 10, reactors were operated in quadruplicate to evaluate the best 

performing plants from Objective 1 to remove COD, ammonia, nitrate, and nitrite. To monitor the 

removal of nitrite, nitrate, phosphorus, ammonia, and chemical oxygen demand, pre – treatment 

and post – treatment samples were collected every two or three days for 14 d. Each plant was 

planted in a bench scale discontinuous batch reactor with organic soil and then saturated with 

landfill leachate (Figure 10 and Figure 11). Five parameters were measured using HACH reagents 

(Loveland, CO): COD (mercuric digestion method), ammonia (salicylate method), nitrite 

(diazotization method), nitrate (cadmium reduction method), and phosphate (ascorbic acid 

method). pH and conductivity were also measured. The plant biomass was recorded pre – treatment 

and post – treatment. The plant roots were rinsed of soil before taking the biomass for pre and post 

measurements. The plants were then installed in the bench scale discontinuous batch reactor with 

organic soil. Each plant replicate was given the same volume of leachate on day zero of the trial. 

The leachate volume was not adjusted throughout the trial. The plants were in replicates of four. 

A control soil and leachate reactor was created for each trial. A representative plant from each trial 

was saved, and frozen for further research on the accumulated heavy metals, and the microbiome 

of the root, soil, and leaf of the plant.  
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Figure 11. The replicate bench scale discontinuous batch reactors with white mangrove 

replicates. 

Objective III.  

 

In order to evaluate the use of floating constructed wetlands, it is necessary to utilize plants that 

can survive being suspended in leachate without a soil matrix. For this objective, plants that usually 

grow in soil were suspended in leachate using a float cut to the dimensions of the reactor (Figure 

12; TRC Recreation, Wichita Falls, TX). To further evaluate the use of floating constructed 

wetlands, two commercially available wetlands were experimented with by installing plants in 

them and deploying into a storm water pond on FGCU’s campus (Beemats Floating Wetlands, 

New Smyrna Beach, FL; Biohaven, Mokelumne Hill, CA). Additionally, two floating wetland 

designs were created by undergraduate students, and these were also deployed into an FGCU storm 

water pond (Figure 13).  

 

 
Figure 12. Experimental setup for Objective III.  
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Figure 13. Students with two commercially available floating wetlands and two student-created 

wetlands.  

 

Objective IV.  

 

Salinity is known to be a limiting factor for floating constructed wetlands treating landfill leachate 

(Muramoto and Oki, 1988; De Casabianca and Laugier, 1995; El-Gendy, 2005). In order to 

possibly improve outcomes, this objective analyzed if a floating wetland treating leachate and 

storm water could help plant growth and survivability, and therefore treatment efficacy. 

Additionally, a cost-benefit analysis was performed to determine at what point the increased 

volume due to co-treatment is more expensive than the improved discharged quality accomplished 

by phytoremediation. Landfill operations must pay to discharge to WWTPs based on both leachate 

characteristics, specifically the concentration of COD and nitrogen, and total volume discharge.  

 

Reactors were operated as in Objective III, with plants suspended in leachate (Figure 14). Each 

plant was evaluated for its removal efficacy of various constituents at 25% leachate (v/v diluted 

with water from a storm water pond on FGCU’s campus), 50% leachate, 75% leachate and 100% 

undiluted leachate. To monitor the removal of nitrite, nitrate, phosphorus, ammonia, and chemical 

oxygen demand, samples were collected and analyzed every two or three days for 14 d. Control 

reactors with the diluted or undiluted leachate were also operated without plants.  
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Figure 14. Mangrove Spider Lily suspended in landfill leachate without a soil matrix.  

 

Objective V.   

 

Using the setup in Figure 10, 12 reactors were run in duplicate to evaluate removal of COD, 

ammonia, nitrate, nitrite, phosphate, DO, pH, EC, and heavy metals during increased aeration 

(Figure 15). The effect of aeration on the efficacy of floating constructing wetlands was evaluated. 

While, generally, plant roots have transport mechanisms for absorbing both nitrate (NO3
-) and 

ammonium (NH4
+) (Forde and Clarkson, 1999), increased aeration could increase nitrification 

activity in the floating wetland system, which would promote a second pathway for nitrogen 

removal. Each reactors was aerated using 4” air stone bars (Uxcell, Hong Kong, China) powered 

by an air pump (Tetra Whisper, Blacksburg, VA) for 8 hours per day. Non-aerated control reactors 

were run for each plant to determine the constituent removals due to evaporation and aeration 

versus due to the plant.  
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Figure 15. Reactor setup for Objective V with aeration 

 

Results 

 

Objective I.  

 

Each plant was assigned a health code value based on signs of chlorosis during the 25% leachate, 

50% leachate, 75% leachate, and 100% leachate trial. Values were assigned based on Table 4 

where chlorosis is defined as the reduction or loss of the normal green coloration of leaves of 

plants. Values were assigned by physical inspection of each plant by each of the four research 

students. Their health code average values are reported along with standard deviation (Table 5).  

The average parameters of the influent leachate were: 3,169 + 35.7 mg/L of ammonium, 3.3 + 

0.2 mg/L of nitrite, 6.8 + 0.2 mg/L of nitrate, 12.5 + 3.8 mg/L of phosphate, and the pH is 7.1. In 

100% undiluted leachate, the highest performing plants with the least visual signs of chlorosis 

were Sawgrass, Giant Leather Fern, Mangrove Spider Lily, Water Hyssop, White Mangrove, 

Red Mangrove, Pond Apple, and Seaside Oxeye. These plants were evaluated in Objective II for 

their ability to reduce COD and TIN in the leachate.  

Table 4. Scoring Criteria for Health Code Value  
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0 1 2 3 4 5 

Dead 

Major signs 

of chlorosis 

and major 

biomass 

reduction 

Major signs 

of chlorosis 

and/or some 

biomass 

reduction 

Minor signs 

of chlorosis 

No sign of 

chlorosis, 

but no 

observable 

growth 

New growth 

and no sign 

of chlorosis 

 

Table 5. Health Code Value for each plant in each condition tested in Quarter 2.   

Plants 
Leachate 

% 
Average + 

Standard 

Deviation 

Arrowhead 25 3.3 + 0.4 

Asiatic Pennywort 25 2.5 + 0.5 

Black Needle Rush 25 4.0 + 0.0 

Blue Flag Iris 25 3.0 + 0.7 

Canna 25 4.3 + 0.8 

Elephant Ear 25 3.3 + 0.4 

Giant Leather Fern 25 4.0 + 0.0 

Lizard Tail 25 4.8 + 0.4 

Mangrove Spider Lily 25 4.0 + 0.0 

Mystery Plant 25 4.3 + 0.8 

Pickerelweed 25 1.8 + 0.4 

Sawgrass 25 4.0 + 0.0 

Spike Rush 25 4.0 + 0.0 

Swamp Lily 25 3.8 + 0.4 

Water Hyssop 25 4.0 + 0.7 

Water Lily 25 0.0 + 0.0 

Pond Apple 25 4.0 + 0.0 

White Mangrove 25 3.7 + 0.5 

Red Mangrove 25 4.0 + 0.0 

Seaside oxeye 25 3.7 + 0.5 

Arrowhead 50 2.7 + 0.5 
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Asiatic Pennywort 50 1.3 + 0.4 

Blue Flag Iris 50 3.7 + 0.9 

Canna 50 4.0 + 0.8 

Elephant Ear 50 1.0 + 0.0 

Giant Leather Fern 50 4.0 + 0.0 

Spike Rush 50 4.0 + 0.0 

Black Needle Rush 50 4.0 + 0.0 

Lizard Tail 50 4.7 + 0.5 

Mangrove Spider Lily 50 4.3 + 0.5 

Mystery Plant 50 0.8 + 0.4 

Pickerelweed 50 0.3 + 0.5 

Sawgrass 50 3.7 + 0.5 

Swamp Lily 50 3.7 + 0.9 

Pond Apple 50 3.7 + 0.5 

White Mangrove 50 3.7 + 1.2 

Red Mangrove 50 4.0 + 0.0 

Seaside oxeye 50 3.7 + 0.5 

Water Hyssop 50 1.5 + 0.5 

Arrowhead 75 3.0 + 1.0 

Asiatic Pennywort 75 0.0 + 0.0 

Blue Flag Iris 75 3.0 + 0.0 

Canna 75 3.0 + 1.0 

Elephant Ear 75 1.5 + 0.9 

Lizard Tail 75 2.5 + 0.5 

Mangrove Spider Lily 75 4.5 + 0.5 

Mystery Plant 75 0.0 + 0.0 

Sawgrass 75 4.0 + 1.0 

Swamp Lily 75 3.0 + 0.0 

Pond Apple 75 3.7 + 0.5 

White Mangrove 75 4.0 + 0.8 

Red Mangrove 75 3.7 + 0.5 

Seaside oxeye 75 2.7 + 0.5 

Giant Leather Fern 75 3.0 + 0.8 

Spike Rush 75 2.0 + 0.8 

Black Needle Rush 75 1.7 + 0.5 

Water Hyssop 75 0.0 + 0.0 

Asiatic Pennywort 100 2.5 + 0.5 

Elephant Ear 100 1.5 + 0.5 

Mangrove Spider Lily 100       

Mangrove Spider Lily 100 1.0 + 0.0 

Water Hyssop 100 0.0 + 0.0 

Giant Leather Fern 100 1.0 + 0.8 
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Black Needle Rush 100 0.7 + 0.9 

Spike Rush 100 0.7 + 0.9 

Pond Apple 100 3.3 + 0.5 

White mangrove 100 3.3 + 0.5 

Red mangrove 100 2.7 + 0.5 

Seaside oxeye 100 2.0 + 0.0 

Lizard Tail 100 1.0 + 0.0 

Swamp Lily 100 1.0 + 0.0 

Blue Flag Iris 100 0.3 + 0.5 

Sawgrass 100 1.7 + 0.5 

(Big) Sawgrass 100 3.0 + 0.0 

Arrowhead 100 0.0 + 0.0 

Canna 100 0.0 + 0.0 

 

 

Objective II. 

 

A. Mangrove Spiderlily, Hymenocallis latifolia 

 
Figure 16. Mangrove Spiderlily at day 0 (left) and day 7 (right) during phase II of the 

experiment.  

 

The Mangrove Spiderlily (Figure 16) demonstrated a 59.31% decrease in ammonia concentration 

from day 0 to day 7, as well as a biomass decrease of 17.13%. However, the chemical oxygen 

demand showed an increase of 17.94% in concentration from day 0 to day 7.  Chlorosis was seen 

in the yellowing, and necrosis of the ends of the leaves. It was observed that the larger mangrove 

spider lilies showed less signs of chlorosis, for a longer period of time. An increase in chemical 

oxygen demand can be attributed to loss of leachate volume by evaporation during the trial.  
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The Mangrove Spiderlily is native to Florida, and is found in a variety of native habitats 

including coastal areas, estuarine swamps, and dunes (Florida Native Plant Society, n.d.). This 

plant is highly salt tolerant, and prefers calcareous (basic) pH levels in the substrate that it is 

grown in. The USDA publication on plant salinity tolerance, from 2012, concludes that the 

Hymenocallis keyensis is “moderately tolerant” to salinity. Hymenocallis keyensis is a synonym 

for Hymenocallis latifolia, according to the USDA Natural Resource Conservation Service. The 

salt tolerance ratings of this landscape plant were based on, “aesthetic value and survivability.” 

The criteria for assigning a moderate salt tolerance, included a 50% or less reduction in growth, 

so signs of chlorosis, and a maximum electrical conductivity of 4 – 5 (dS/m) (Figure 17).  

 

The IFAS Extension confirms, the Mangrove Spiderlily demonstrates a high salt tolerance. This 

report also shows that the Mangrove Spiderlily has medium nutrient requirements (Meerow, 

2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Representative salt tolerance of Hymenocallis keyensis. As salt toxicity is a major 

cause of chlorosis, understanding the tolerance level of the plants is critical. (USDA Natural 

Resources Conservation Service, n.d.). 

 

In a thesis regarding the purification of the Hatirjheel Lake in Bangladesh, the use of 

Hymenocallis littoralis, among other plants, was used to help remove pollutants from the lake. 

This plant is within the same genus as the Mangrove Spider Lily. Hymenocallis littoralis is 

known as the Beach Spider Lily. The Hatirjheel Lake receives pollution from many sources, 

including “discharge municipal sewage, household wastes, clinical wastes and oils” 
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(Chowdhury, Siam, & Hossain, 2016). The average dissolved oxygen level in the lake was 2.68. 

The researchers created a model of the polluted lake, and floating treatment mats. The floating 

mats included the plants. They tested ammonia and nitrogen removal performance by the floating 

mats. The results showed that ammonia removal efficiency decreased over time.  

 

Hymenocallis littoralis, within the same genus as the Mangrove Spider Lily, was used in a study 

to analyze the correlation between radical oxygen loss, photosynthesis, and nutrient removal 

within 35 wetland plants. Root radical oxygen loss, photosynthetic, root activity, biomass, and 

nutrient removal were included in the data collection. For nutrient removal, total nitrogen (TN), 

total phosphorus (TP), and chemical oxygen demand (COD) were measured. Radical oxygen loss 

(ROL), is the process in which plants release oxygen through the aerenchyma to the rhizosphere 

(Lai, Zhang, & Chen, 2012). The aerenchyma is a series of intercellular air spaces that can be 

found from the leaves to the roots (Taiz, et. al., 2015). ROL has been positively correlated with 

photosynthetic rates, transpiration rates, stomatal conductance, and root activity. Increasing ROL 

has also been positively correlated with removal of TN and TP (Lai, Zhang, & Chen, 2012). 

 

Mangrove Spider Lily (1 replicate) (1/25/19 - 2/1/19) has the highest removal percentage of 

COD (38% (Table 8, Figure 31) when compared to the other plants. On the other hand, this plant 

was in different conditions (adapted in leachate starting at 25%, then increased to 50%, 75%, and 

100% in a time span of 66 days) than most of the other plants (which were in 100% leachate 

since day 0 and tested for 7 days only). The 38% removal occurred between day 59 (1/25/19) and 

day 66 (2/1/19). It also had 40% less COD than the control and 100% less NH4
+ than the control 

after 7 days. This plant also had a high percent of ammonium removal: 25% (Table 9, Figure 32). 

The Mangrove spider lily not gradually exposed to increasing volumes of leachate, but instead 

received undiluted leachate on day 0 (4 replicates) (1/25/19 - 2/1/19) achieved a percent removal 

of COD of 24% (Table 8, Figure 31) after 7 days of 100% leachate and no previous adaption. 

These set of plants had a removal percentage of ammonium of 36% (Table 9, Figure 32). These 

mangrove spider lilies had 195% less COD than the control and 6900% less NH4
+ than the 

control after 7 days.  

 

Another trial of mangrove spider lily was tested (3/27/19 – 4/3/19 – 4 replicates) and had 31% 

less COD than the control and 103% less NH4
+ than the control after 7 days. It had a 23% 

removal of NH4
+ (Table 9, Figure 32). On average, the mangrove spider lily lost 17% of its 

biomass over the 7 day exposure to undiluted Class I landfill leachate with waste-to-energy ash.  
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B. Sawgrass, Cladium jamaicense 

 
Figure 18. Sawgrass at day 0 (left) and day (7) right during phase II of the experiment.  

 

Sawgrass (Figure 18 and 19) demonstrated a 7.75% and 56.56% decrease in ammonia 

concentration and biomass, respectively, from day 0 to day 7. The sawgrass showed an increase 

of 14% chemical oxygen demand concentration from day 0 to day 7. The sawgrass browned in 

color gradually, as well as exhibited dryness of the stalks. Larger sawgrass plants appeared to 

resist the toxic leachate conditions longer.  

 

Cladium jamaicense was included in a study to determine the seasonal water use patterns in the 

coastal Everglades ecotone. A few factors were measured, one of which was the salinity level in 

shallow soil water and deeper groundwater to determine the salinity that the plants encountered. 

It was found that during the dry season, the shallow soil water was euhaline, 43 practical salinity 

units (PSU). Euhaline is considered to be seawater. While some of the other plants in the study 

switched to use a less saline water source (a combination of soil water and groundwater); 

sawgrass continued to make use of the euhaline water, due to its shallow roots. The study stated 

that the roots of the sawgrass were exposed to saline waters. (Ewe, Sternberg, & Childers, 2007). 

This is known as the “water uptake zone”. This study indicates that there is no known saline 

tolerance of sawgrass, but hypothesizes that long term use of saline water will not be conducive 

for the plant health and growth. An isotope-ratio gas mass spectrometer was used to analyze the 

samples. Samples were collected from the soil water, groundwater, and xylem of the plants. This 

plant is previously described as having a “a low (<5 PSU) to moderately saline” tolerance (Ewe, 

Sternberg, & Childers, 2007). Previous studies specific to the Everglades have shown that net 

primary productivity declines with increasing surface water salinity (Ewe, Sternberg, & Childers, 

2007). The study poses an interesting thought, if the species is growing in a euhaline 

environment, but reducing salinity uptake through physiological responses, the predicted survival 

is higher (Ewe, Sternberg, & Childers, 2007). Some physiological responses seen include: 

dropping leaves, regulating transpirational water loss, and regulating water uptake.  
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Sawgrass aboveground net primary productivity (ANPP) was shown to respond negatively to 

salinity, and demonstrated slower regenerative rates of production after being exposed to high 

salinity for continuous years (Childers et al., 2006). To determine ANPP, change in biomass, as 

well as mortality were taken into account. There were sixteen sites in the chosen area of the 

Everglades study, each including triplicates of the differing plant species. To determine 

mortality, the number of living and dead leaves on 10 different culms in each of the sixteen 

locations were counted. When comparing growth patterns with surface water salinity at the lower 

estuarine ecosystem (AH), it was found that the ANPP showed negative correlations with higher 

average salinity, peak salinity, and number of days exposed to high salinity (Childers et al., 

2006). However, the study does state, that this ecosystem only had five data points, therefore 

possibly requiring further research. The lowest ANPP rates recorded in 2001 and 2004 had 

maximum salinities of 34 and 41 ppt, and average salinities of 17.7 and 13.3 ppt respectively 

(Childers et. al., 2006).  

 

Past studies have shown that sawgrass is adapted to environmental conditions with low 

phosphorus concentrations (Miao & Zou, 2012). The experiment was carried out with each plant 

being tested in triplicate, in differing water levels – 20 cm and 60 cm. Water samples were 

collected at the inflow and outflow of the tanks, and analyzed for total phosphorus content. Total 

phosphorus (TP) and total nitrogen (TN) was noted from the soil and the plant material. 

Mortality was recorded as well. Miao and Zou indicated that at deeper inundation, both TP and 

TN concentrations increased for C. jamaicense. This information is useful in understanding how 

sawgrass reacts to inundation levels, but may not provide information applicable to leachate 

inundation, as compared to water, as in the study. No specific data was found on pH for C. 

jamaicense, however for the Cladium genus, Cladium mariscus was reported to survive in 

environments with a pH range of 4.5 – 8.6 (USDA Natural Resources Conservation Service, 

n.d.).  

 

Varying phosphate levels and soil redox potentials were compared to determine the effects on 

“growth, nutrient relations, and biomass allocation of C. jamaicense.” (Lissner et al., 2003). To 

determine nitrogen content a CN analyzer was used for ground dried plant tissue, leaves, shoot 

bases, rhizomes, coarse roots and fine roots. For the other nutrients, concentrations of “P, K, Ca, 

Mg, Mn, Mo, Cu, Zn, and Fe for the various plant parts were determined by inductively coupled 

argon-plasma spectrometry” (Lissner et al., 2003). Phosphorus deficiency symptoms include 

slow growth and die off of plant material. Sawgrass exhibits a critical value of phosphorus much 

lower than other crop plants, with an estimated critical value of 0.7 mg P/L. It is interesting to 

note that at a maximum phosphate level of 80 mg/L, growth of C. jamaicense reached a 

maximum. It is predicted that higher phosphate levels will not contribute to further growth 

(Lissner et al., 2003).  

 

The Sawgrass (1/25/19 - 2/1/19), which was also adapted to 100% leachate in increments of 25% 

by volume in a span of 103 days, was able to remove 32% of COD (Table 8, Figure 31) and 22% 

of ammonium (Table 9, Figure 32). On the other hand, the set of 4 Sawgrasses not incrementally 

increased to 100% leachate but saturated on day 0 with 100% leachate (2/4/19 - 2/8/19) was able 

to remove an average of 13% of COD (Table 8, Figure 31). For these set of Sawgrasses, no 

ammonium was removed, but instead, the concentration of ammonium increased on average by 
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32% (Table 9, Figure 32) within the 7 days. This may be due to plant biomass loss due to 

environmental stresses caused by the leachate. Ammonium concentration can also increase due 

to evaporation.  

 

Figure 19. Sawgrass – 2/22/19 

 

          

Figure 20. Sawgrass 1, 2, 3, and 4 – 4/10/19 

The Sawgrass (4/3/19 - 4/10/19; Figure 20) has a 1% of COD increase (Table 8, Figure 31) and 

4% of NH4
+ removal (Table 9, Figure 32). Sawgrass (1/25/19 – 2/1/19 – 1 replicate) had 63% 

less COD than the control and 100% less NH4
+ than the control after 7 days. The sawgrass plants 

(2/04/19 – 2/08/19 – 4 replicates) had 56% less COD than the control after 7 days. On average, 

the saw grasses lost 56% of their biomass over the 7 day exposure to undiluted Class I landfill 

leachate with waste-to-energy ash. 
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C. Giant Leather fern, Acrostichum danaeifolium 

 
Figure 21. Giant leather fern at day 0 (left) and day 7 (right) during Objective II of the 

experiment.  

 

The Giant Leather Fern (Figure 21) demonstrated a 48.90% decrease in ammonia concentration, 

and a 53.86% decrease in biomass, from day 0 to day 7. The giant leather ferns demonstrated 

extreme dehydration, thought to be related to the salinity concentration of the leachate (Figure 

22). Dehydration was observed before yellowing and necrosis. Based on observations of the 

Giant Leather Ferns in Objective II, smaller plants experienced chlorosis and necrosis sooner and 

more severely. 

 

Hoshizaki & Moran stated that root burn will occur on the giant leather fern if the soil becomes 

too concentrated with salt. The roots will not absorb water in this scenario, due to the 

concentration gradient. Ferns do not show signs of iron deficiency, and prefer an environment 

with a pH of 6 – 7 (Hoshizaki et. al., 2001). At lower pH levels, 5.5 – 6, iron deficiency can be 

demonstrated by the yellowing of the leaves. The giant leather fern in the current experiment are 

displaying signs of chlorosis, with yellowing of the leaves.  

 

The Florida Native Plant Society classifies the giant leather fern as highly salt tolerant, with a 

preference of pH around neutral. It is found in a variety of environments, including “brackish 

and freshwater marshes, swamps, river floodplains” (Florida Native Plant Society, n.d.). The 

University of Florida, IFAS also states that the giant leather fern has a high salt tolerance. 

Neither of the above sources state what is considered to be a “high” salt tolerance.  

 

Past research has shown that there is a negative correlation between total phosphorus and salinity 

concentration (Williams, Lauer, & Hackey, 2014). Looking at wetlands experiencing salt water 

intrusion, along the St. John’s River, the study included a giant leather fern in the study area, Six 

Mile Creek. Total phosphorus, labile phosphorus (LP), organic content and metal analyses were 

performed to determine the soil properties. The results showed that at the freshwater and 



53 

 

brackish sites, the labile (bound) phosphorus was present in similar results. However, this LP 

value was twice as high as in the saline site. The total phosphorus decreased from upstream to 

downstream (fresh to saline). The results of the study supported past research results – that 

phosphorus accumulation is higher in fresh and brackish water, than in marine water.  

 

Giant leather fern (1/25/19 - 2/1/19) like the Mangrove Spider Lily, had leachate concentration 

incrementally increased from 25% up to 100% in a time span of 106 days. 33% of COD removal 

was measured between days 99 and 106 (Table 8, Figure 31). This plant removed 27% of 

ammonium (Table 9, Figure 32).  

The giant leather fern which was gradually exposed to increasing levels of leachate in a step-

wise fashion (25% to 50% to 75% to 100% v/v leachate) (1/18/19 - 1/25/19) had the highest 

COD removal percentage (32%) (Table 8, Figure 31) when compared to the plants that were 

directly exposed to 100% leachate for 7 days only. This set of plants removed 21% of 

ammonium (Table 9, Figure 32). Giant leather fern (1/25/19 – 2/1/19 – 1 trial) has 80% less 

COD than the control and 200% less NH4
+ than the control after 7 days. 

The giant leather fern (3/20/19 - 3/27/19) had a 32% removal of NH4
+ (Table 9, Figure 32). 

Giant leather fern (4/26/19 – 5/03/19 – 1 trial) has 111% less COD than the control and 213% 

less NH4
+ than the control after 7 days.  

On average, giant leather ferns lost 54% of their biomass over the 7 day exposure to undiluted 

Class I landfill leachate with waste-to-energy ash. This was visually obvious as the giant leather 

ferns would appear to dehydrate over time.  

 

          

Figure 22. Giant leather fern 1, 2, 3, 4 (3/27/19). Giant leather fern experienced chlorosis and 

dehydration when grown in undiluted leachate.  
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D. Red Mangrove, Rhizophora mangle 

 
Figure 23. Red mangrove at day 0 at 100% leachate concentration, and at day 72 at 100% 

leachate concentration. 

 

The red mangrove exhibited signs of salt tolerance mechanisms by shedding leaves (Figure 23 

and 24). The leaves that remained stayed green, and then slowly began to yellow. The yellow 

leaves would brown and then be shed from the leaf, perhaps in an attempt to reduce the saline 

concentration within the plant, as suggested in research on salt tolerance mechanism in 

mangroves.  

 

Red Mangroves are facultative halophytes, meaning they can survive in saline conditions, but do 

not require it. They grow best in areas of estuarine salinity, and can grow when the soil is 

demonstrating anaerobic conditions. All mangroves can grow in saline environments within the 

range of 0 to 40 parts per thousand (ppt). Red mangroves will store or exclude salt. The Red 

Mangrove will naturally drop leaves. The leaves that are dropped tend to be the oldest leaves. 

This leaf dropping cycle is thought to be part of the salt excluding mechanisms, where the leaves 

that are dropped contain the excess sodium and chloride. These leaves tend to yellow in color, 

due to a lack of chlorophyll (U.S. Fish and Wildlife Service, n.d). 

 

High levels of nutrient availability result in allocation of the nutrients to the shoots, rather than 

the roots. Because of this unbalanced allocation, the plants are not equipped to handle 

environmental stressors, such as drought (Lovelock, 2009). Nitrogen in particular stimulates 

growth of the shoots, relative to the roots. A study on the nutrient enrichment effects on plant 

growth showed that nitrogen fertilizer showed increased growth in shoots and roots of the plants 

(including red mangrove in the study), and that phosphorus fertilizer had no impact on growth, 

except in the dwarf zone. The dwarf zone of the study included plants with stunted growth. The 

two year study demonstrated that red mangroves are nitrogen limited (Feller, 2003). 
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Mangroves can typically survive in environments that are saline, anoxic, acidic and waterlogged. 

Ammonia tends to be the most abundant form of nitrogen in the mangrove soils, as denitrifying 

bacteria are common in the anaerobic environment. This denitrification process can occur with a 

heterotrophic reaction that uses metals such as iron and manganese. This reaction needs to be 

researched further. Phosphorus tends to be unavailable to the plant within the soil. In contrast to 

the study previously mentioned, mangroves have been found be either nitrogen limited or 

phosphorus limited. Potassium is used within plant cells to maintain a neutral state. However, the 

saline environment can prevent the uptake of the potassium ion. A potassium deficiency can be 

demonstrated by a loss in chlorophyll and photosynthetic function (Reef, 2010).  

 

Red mangrove (4/26/19 – 5/03/19 – 1 replicate) had 6% more NH4
+ than the control after 7 days. 

 

 
Figure 24. Red Mangrove in 100% leachate and soil over four months 
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E. White Mangrove, Laguncularia racemose 

 
Figure 25. White mangrove at day 0 and day 72 at 100% leachate. Day 0 of the trial in phase II 

began on April 17, and Day 7 of the trial occurs on Wednesday, April 24. The day 0 photo is not 

included.  

 

The White Mangrove (Figure 25 and 26) exhibited slim expressions of chlorosis during 

Objective I of the experiment. The leaves appeared to remain the same color green, and only a 

few showed a lightening of green. A few leaves browned, however, the plant seemed in good 

health throughout phase I.  

 

White mangroves are located at higher elevations, areas that experience less constant flooding. 

They prefer freshwater, however on sandy soil. To survive in high salt conditions, white 

mangroves excrete salt (U.S. Fish and Wildlife Service, n.d). White. Mangroves have been noted 

to have tiny bumps lining the petiole, the structure that connects the stem of the plant to the leaf. 

These tiny bumps are thought to resemble salt glands, and observations have shown salt crystals 

on their surfaces. Other research has stated that the tiny bumps are vestigial structures and do not 

serve any salt secretory purposes. The white mangrove has also been known to increase leaf 

thickness as a salt tolerance mechanism, by increasing the water content in the leaves (Parida & 

Jha, 2010).  

 

The White Mangrove prefers an environment with a pH range of 6 – 8.5 (USDA Natural 

Resources Conservation Service, n.d.). A study regarding the nutrient removal capacity of three 

mangrove species within aquaculture effluent focused specifically on two of the phase II plants 

in the current study, L. racemosa and R. mangle Aquaculture effluent can contain toxic levels of 

ammonia, and nitrite for the cultured organisms, and can have a eutrophic effect, due to high 

levels of ammonia, nitrite, nitrate, and phosphate, on the bodies of water they are discharged 

into. The researchers collected readings on dissolved oxygen, pH, salinity, and ammonia, nitrite, 

nitrate, and phosphate in triplicate. The following equation was used to determine nutrient 

removal efficiency (RN):  
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𝑅𝑁 (%) =  
𝐶 − 𝑇

𝐶
× 100 

Where “C” is the nutrient concentration in the control tanks, and “T” is the nutrient concentration 

in the experimental (mangrove tanks). The study found that there was no significant difference 

between the control and experimental tanks in regards to dissolved oxygen, pH and salinity. The 

mangroves in the study demonstrated similar removing capacities, with a 63% removal rate of 

ammonia and nitrite during the last five weeks of the study (De Leon Herrera, et.al., 2015).  

 

White mangrove (4/17/19 - 4/24/19) was able to remove 9% of NH4
+ (Table 9, Figure 32). White 

mangrove (4/17/19 – 4/24/19 – 4 replicated) has 35% less COD than the control and 37% less 

NH4
+ than the control after 7 days. 

 

 
Figure 26. White Mangrove in 100% leachate and soil over four months 

 

 



58 

 

F. Sea Oxeye Daisy, Borrichia frutescens 

 
Figure 27. Sea Oxeye at day 0 (left) and day 7 (right) of the trial in Objective II.  

 

The Sea Oxeye (Figure 27) demonstrated a 46.47% decrease in ammonia concentration and a 

18.54% increase in chemical oxygen demand, from day 0 to day 7. The biomass of the plant 

decreased by 28.83% from day 0 to day 7. It showed quick signs of chlorosis, yellowing and 

decaying. The plant seemed to shrink in size, and lost all leaves during phase I of the experiment.  

 

The Sea Oxeye Daisy is a native to the salt water wetlands. It has moderate drought tolerance, 

and good salt tolerance. It is also found to be associated with mangrove habitats. While the Sea 

Oxeye is drought tolerant, it does not respond well to over watering (Gilman, 2014). The Sea 

Oxeye Daisy does not have any known nitrogen fixation capabilities. This plant is capable of 

handling anaerobic environments, and has as a high CaCO3 tolerance. The Sea Oxeye prefers an 

environment with a pH of 6.1 – 7.5 (USDA Natural Resources Conservation Service, n.d.). The 

Sea Oxeye Daisy is considered to be halophytic, as it grows in salt marshes (Spirko & Rossi, 

2015). In a study researching the effects of stimulated herbivory on the nutritional status, 

flowering, and seed viability in the Sea Oxeye Daisy, it was indicated that nitrogen is a limiting 

factor for growth of the plant. Increased growth and seed count was seen in the Sea Oxeye Daisy 

that was supplemented with slow release nitrogen (Rowan, 2014). 

 

Sea oxeye (3/13/19 - 3/20/19 – 4 replicates) had a 21% removal of NH4
+ (Table 9, Figure 32). 

Sea oxeye (4/26/19 – 5/03/19 – 1 replicate) has 27% less COD than the control and 207% less 

NH4
+ than the control after 7 days. On average, seaoxeye daisies lost 29% of their biomass over 

the 7 day exposure to undiluted Class I landfill leachate with waste-to-energy ash. 
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G. Pond Apple, Annona glabra 

 

  
Figure 28. Pond Apple at day 0 (left) and day 7 (right) during the trial in Objective II.  

 

The Pond Apple (Figure 28) showed resistance to chlorosis in Objective I of the experiment, but 

eventually succumbed to the leachate toxicity. It showed signs of chlorosis in browning and loss 

of the leaves. This was demonstrated in Objective II of the experiment as well.  

The pond apple has been noted to be highly salt tolerant, as well as prefer a neutral to somewhat 

calcareous pH within the soil. (Florida Native Plant Society, n.d.).  It grows in a pH range of 6.1 

– 7.8 (USDA Natural Resources Conservation Service, n.d.).   The pond apple can survive in 

flooding conditions. The Pond Apple leaves have a thick waxy layer both on the underside and 

top of the leaf, and have low transpiration rates. This thick waxy coating is thought to be a 

mechanism to salt tolerance of the pond apple.  In dry conditions, iron deficiencies can have 

adverse effects on the plant, causing yellowing and die off of the leaves. (Liu, Li, Moore, & 

Gabel, 2016). In a study to determine the effects of iron on flooded and non-flooded soils 

growing Pond Apple trees, the leaves were sampled for nutrients, leaf chlorophyll measurements 

were taken, and the total nitrogen was determined through a ground sample.  Plants grown in 

flooded conditions tended to have lower levels of nitrogen and phosphorus in the leaf.  Leaves 

from plants that were treated with chelated Fe (iron) showed a higher chlorophyll index than 

those treated with non-chelated iron (Ojeda, Schaffer, & Davies, 2004). 

 

Pond apple (4/10/19 – 4/17/19 – 4 trials) had a 9% COD removal (Table 8, Figure 31) and 21% 

NH4
+ removal (Table 9, Figure 32).  



60 

 

H. Black Mangrove,  Avicennia germinans 

 

 
 

Figure 29. Black mangrove at day 0 (left) and day 7 (right) of 100% leachate.  

 

The Black Mangrove during phase I of the experiment showed slim signs of chlorosis. The 

leaves appeared to remain the same color green throughout the phase I portion of the experiment.  

 

The black mangrove is found along the coast and in estuaries. It has been noted to have a salt 

tolerance, and a preferred pH range of 6.0 – 8.0 (USDA Natural Resource Conservation Service, 

n.d.). The leaf surface of black mangroves is covered in tiny hairs, which move the salt from the 

surface of the leaf. Doing this prevents the water from moving out of the leaf, due to osmosis. 

The black mangrove also deposits salt on the root and stem, to reduce some of the salt stress of 

the leaves (Parida & Jha, 2010). Black mangroves also have air roots, “pneumatophores”, which 

allow them to take in oxygen if they are in a waterlogged environment (Houck & Neill, 2009). 

Metallothionens and phytochelatins are metal binding ligands found in plant cells.  They chelate 

heavy metals and transport the metal concentrations to vacuoles. The genes that express 

metallothionein and phytochelatins are found in black mangroves when the plant is exposed to 

levels of nonessential metals. For essential metals, for example, cadmium and copper, the genes 

that express phytochelatins were seen in increased levels within the plant (Gonzalez - Mendoza, 

Quiroz Moreno, & Zapata - Perez, 2007).  

 

Black mangrove (4/24/19 - 5/1/19 – 4 replicates) had a 8% of COD removal (Table 8, Figure 31) 

and 19% NH4
+ removal (Table 9, Figure 32).  
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Figure 30. Black Mangrove in 100% leachate and soil over four months 

 

Bull rush (4/26/19 – 5/03/19 – 1 replicate) has 168% less NH4
+ than the control after 7 days. 

Table 6 shows the mg of ammonium removed for each plant in Objective II where plants were 

grown in leachate-saturated soil. Instead of concentration (mg/L) being reported, the mg of 

ammonium is reported in order to account for the effects of evaporation or dilution due to rain 

water. The most efficacious removal occurred by the Giant Leather Fern (1,530 mg of ammonium 

removed), Black Mangrove (793 mg of ammonium removed), and Mangrove Spider Lily (745 mg 

of ammonium removed). However, ammonium removal will be dependent not only on the type of 

plant, but also the amount of biomass. Because of this, it is important to normalize removal to g of 

biomass of the plant. This is done for the subsequent objectives. The best surviving plants were 

Black Mangrove, White Mangrove, Red Mangrove, and Mangrove Spider Lily.  
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Table 6. mg of ammonium removed in leachate-saturated soil  

 

 
 

The ideal pH and salinity ranges for each plant was studied, based on peer-reviewed work (Table 

7). The measured range of pH in this study was 6.8 – 7.7, which falls in the ideal pH range for 

most of the plants. The measured salinity ranged from 21.3 – 37.3, which is generally within the 

tolerance of most of the plants used in the study, but the occasion leachate samples above 35 ppt 

are outside of the ideal range of the study plants.  

 

Table 7. Ideal salinity and pH conditions for the study plants (U.S. Department of Commerce 

National Oceanic and Atmospheric Administration, 2017). 

 Mangrove 

Spiderlily 

Sawgrass Giant 

Leather 

Fern 

Red 

Mangrove 

White 

Mangrove 

Sea 

Oxeye 

Daisy 

Pond 

Apple 

Black 

Mangrove 

Ideal pH 6.1 – 7.8  4.5 – 8.6 6 – 7  8.1 – 8.4 6 – 8.5  6.1 – 

7.5 

6.1 – 7.8 6.0 – 8.0 

Ideal 

Salinity 

(based 

on 

natural 

location 

of plant) 

0.5 – 35  0.5 – 35 0.5 – 35 0 – 40  0.5 – 35 0.5 – 

35  

0.5 – 35  0.5 – 35  

Ammonium

Total 

removed 

(mg)

Plant 

removed 

(mg)

Giant Leather Fern 1,888.1 1,530.2

Black Mangrove 2,225.9 762.9

Mangrove Spider Lily 1,469.8 745.0

Seaoxeye 1,113.0 652.0

Pond Apple 1,076.1 561.5

White Mangrove 1,163.3 313.2

Red Mangrove 286.4 0.0

Sawgrass 1,470.9 0.0

Bull Rush 0.0 0.0



63 

 

Table 8. Percent removal of COD by each plant in order of COD removed (from highest to 

lowest) 

Plant name Date of samples 

Number of trials used in 

average 

Percent decrease 

(%) 

Mangrove spider 

lily 1/25/19 - 2/1/19 1 38 

Giant leather fern 1/25/19 - 2/1/19 1 33 

Giant leather fern 1/18/19 - 1/25/19 4 32 

Sawgrass 1/25/19 - 2/1/19 1 32 

Mangrove spider 

lily 1/25/19 - 2/1/19 4 24 

Sawgrass 2/15/19 - 2/22/19 1 24 

Pond apple 4/10/19 - 4/17/19 4 9 

Black mangrove 4/24/19 - 5/1/19 3 8 

Sawgrass 2/4/19 - 2/8/19 4 13 

 

 

Figure 31. Percent decrease of COD in leachate saturated soil  
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Table 9. Percent removal of NH4
+ by each plant in order of NH4

+ removed (from highest to 

lowest) 

Plant name Date of samples 

Number of trials used in 

average 

Percent decrease 

(%) 

Mangrove spider 

lily 1/25/19 - 2/01/19 4 36 

Giant leather fern 3/20/19 - 3/27/19 4 32 

Giant leather fern 1/25/19 - 2/01/19 1 27 

Mangrove spider 

lily 1/25/19 - 2/01/19 1 25 

Mangrove spider 

lily 3/27/19 - 4/3/19 4 23 

Sawgrass 1/25/19 - 2/01/19 1 22 

Giant leather fern 1/18/19 - 1/25/19  4 21 

Sea oxeye 3/13/19 - 3/20/19 4 21 

Pond apple 4/10/19 - 4/17/19 4 21 

Black mangrove 4/24/19 - 5/1/19 4 19 

White Mangrove 4/17/19 - 4/24/19 4 9 

Red mangrove 4/26/19 - 5/3/19 1 9 

Sawgrass 4/3/19 - 4/10/19 4 4 

Sea oxeye 4/26/19 - 5/3/19 1 0 

GLF 4/26/19 - 5/3/19 1 0 

 

 

Figure 32. Percent decrease of NH4
+ in leachate saturated soil  
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Objective III. 

 

The main purpose of Objective III was to remove the soil matrix from the plants and suspend 

them in the leachate matrix. The best surviving plants were mangrove spider lily, giant leather 

fern, sawgrass, seaoxeye, black mangrove, white mangrove, and red mangrove, which were then 

evaluated for their ability to remove the constituents of interest in Objective 4. Figure 33 shows 

an example of a mangrove spider lily being suspended in undiluted leachate. Figure 34 shows 

photos of the evaluation of the potential use of commercially available products and student-

created wetland design.  

 
Figure 33. Mangrove spider lily in 100% leachate dilution bioreactor. 
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Figure 34. Close- up of four floating wetlands designs. (Top-left: BeeMat, Top-right: mattress 

pad, Bottom-left: BioHaven, Bottom-right: PVC) 
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Objective IV. 

 

The effectiveness of diluting leachate to enhance phytoremediation processes was tested. This 

testing concluded that no dilution is the most cost-friendly option. Other conclusions are: 

The average parameters of the influent leachate are: 3,169 + 35.7 mg/L of ammonium, 3.3 + 0.2 

mg/L of nitrite, 6.8 + 0.2 mg/L of nitrate, 12.5 + 3.8 mg/L of phosphate, and the pH is 7.1. Since 

the leachate used is from a Class I landfill that uses waste-to-energy ash as a daily cover, the 

salinity is very high, approximately 35-37 ppt, which is similar to marine waters. This means that 

our studies were conservative as most Class I leachates would be much less saline. The best 

surviving plants in undiluted leachate were Black Mangrove, White Mangrove, Red Mangrove, 

and Mangrove Spider Lily. The most efficacious ammonium removal was done by Seaoxeye, Red 

Mangrove, and Sawgrass. More ammonium was removed in 100% but this may be due to more 

initial ammonium. The most efficacious COD removal was done by Giant Leather Fern, Black 

Mangrove, Mangrove Spider Lily, and White Mangrove (most were best at 75%). Minimal COD 

removal was done by the Red Mangrove, Sawgrass, and Seaoxeye. It was observed that it is 

possibly beneficial to dilute down to 75% leachate (or better function during wet season 

conditions).  

 

An analysis of the total amount (g) of ammonium and COD removed per gram of plants among a 

range of different plant types was done (Table 10 and 11). Overall, the removal capability of 25 

and 50% dilutions were minimal therefore a close comparison between the 75 and 100% leachate 

dilutions was chosen to better represent this trial’s results. Ammonium removal showed good 

performance at 100% leachate dilution, but in general the plants’ capability to remove ammonium 

was minimal. Seaoxeye, Red Mangrove and Sawgrass presented more efficient ammonium 

removal than the other sample species. As for COD, the optimal removal was at 75%, where Giant 

Leather Fern, Black Mangrove, Mangrove Spider Lilly and White Mangrove were the most 

efficient. 

 

A 9-day trial performed on aerated vs. non aerated tank reactors with 100% leachate concentration 

was conducted to analyze the effects of aeration on ammonium and COD removal. In general, the 

aerated plants showed a better removal capability than the non-aerated tanks. Among the plants 

subjected to this study, Seaoxeye showed enhanced COD and ammonium removal when subjected 

to aeration. In contrast, Mangrove Spider Lilly did not benefit from aeration, and instead presented 

significant ammonium removal for non-aerated reactors.  

 

 

Table 10. Final total chemical oxygen demand removed for each plant at 75% and 100% leachate 

dilution. 
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Table 11. Final total ammonium removed for effective plants at 75% and 100% leachate dilution. 

 

 
 

An expanded analysis of the study allowed to establish a relationship between pH and aeration. A 

trend on both non-aerated and aerated tanks was observed, in which, for the aerated tanks, the pH 

raised from 7.2 to 8.6 from day 0 to day 2 and slowly dropped back to 8.0 from day 2 to the end 

of the trial. For non-aerated reactors, the pH raised 0.5 (from 7.2 to 7.7) from day 0 to day 7 and 

stabilized. In conclusion, aeration contributes to pH increase. 

 

A cost-benefit analysis was conducted on four floating wetland designs to determine the most 

cost-effective and adaptable apparatus for phytoremediation of landfill leachate. Costs per 

milligram of chemical oxygen demand and ammonium were calculated for each design. The 

results for the most-cost efficient design (Figure 35) as shown in Table 12 and Table 13, 

respectively. A result of N/A means the specified plant was not effective at removing the 

contaminant at the specified dilution. Black mangrove and mangrove spider lily were most cost 

effective in the diluted leachate at 75% v/v, with cost per kg COD removed being $15 or less 

(Figure 36). Black mangroves were most cost effective in the undiluted leachate, with cost per kg 

COD removed being less than $5 per kg COD removed (Figure 38). Seaoxeye and red mangrove 

were the most cost effective in the diluted leachate at 75% v/v, however, costs were much 

higher, with cost per kg ammonium removed being $50 to $110 (Figure 37). Seaoxeyes were the 

most cost effective in the undiluted leachate with cost per kg ammonium removed being just 

under $50 (Figure 39). 

Plant 75% 100%

MSL 248.09 54.78

GLF 90.97 69.91

SG 27.68 3.18

SO 75.11 80.23

BM 376.27 269.41

WM 32.92 28.48

RM 102.73 28.13

mg COD Removed/ g of Biomass

Plant 75% 100%

SG NE 10.09

SO 71.76 77.86

RM 32.74 37.39

mg Ammonium Removed/ g of Biomass
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Figure 35. PVC Pipe Floating Wetland Design (most cost-effective) 

 

Table 12. Cost per kilogram Chemical Oxygen Demand Removed 

 

Table 13. Cost per kilogram Ammonium Removed 

 

 

 

Plant 25% 50% 75% 100%

MSL $269.13 $1,573.44 $10.77 $41.42

GLF N/A N/A $17.31 $23.42

SG $195.52 N/A $96.66 $848.76

SO N/A N/A $20.60 $22.80

BM N/A N/A $4.11 $5.24

WM N/A N/A $42.96 $53.13

RM N/A N/A $20.15 $68.83

$/ kg COD Removed (PVC)

Plant 25% 50% 75% 100%

MSL N/A N/A N/A N/A

GLF N/A N/A N/A N/A

SG N/A $655.46 N/A $267.64

SO $206.28 N/A $21.56 $23.49

BM N/A N/A N/A N/A

WM N/A N/A N/A N/A

RM $81.11 $40.64 $63.23 $51.78

$/ kg Ammonium Removed (PVC)
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Figure 36. The cost of removal for 1 kilogram of chemical oxygen demand is shown for each 

native plant at the 75% leachate dilution. Black mangrove is the most effective plant at removing 

chemical oxygen demand at this dilution.  

 

 

75% leachate 

75% leachate 
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Figure 37. The cost of removal for 1 kilogram of ammonium is shown for each native plant at 

75% leachate dilution. The only effective plants at this dilution were the sea oxeye and the red 

mangrove. 

 

 
 

Figure 38. The cost of removal for 1 kilogram of chemical oxygen demand is shown for each 

native plant at the 100%. Black mangrove is also the most efficient plant at removing chemical 

oxygen demand at this dilution. 

 

100% leachate 
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Figure 39. The cost of removal for 1 kilogram of ammonium is shown for each native plant at 

100% leachate dilution. The mangrove spider lily, giant leather fern, black mangrove, and white 

mangrove were not effective at removing ammonium at this dilution  

 

In order to calculate the percentage of the total COD and ammonium concentration that could 

theoretically be removed by the studied floating constructed wetlands, the following calculations 

were executed:  

 

Leachate Pond Volume: 11,356,235 Liters (3 million gallons) 

Leachate Pond Surface Area: 51,200 Square feet 

Device Surface Area: 32 Square feet 

COD Removed/ g Sea Oxeye (100%): 80.23 mg/g 

Ammonium Removed/ g Sea Oxeye (100%): 77.86 mg/g 

  

Average Leachate COD (mg/L): 4,500 

Average Leachate Ammonium (mg/L): 4,000 

  

Available COD: 11,356,235 L x 4,500 mg/L /1,000,000 mg/kg = 51,103 kg  

Available Ammonium: 11,356,235 L x 4,000 mg/L /1,000,000 mg/kg = 45,425 kg  

Biomass Available: 51,200 ft2 / (32 ft2 /Device x 2 (Spacing factor)) x 51 kg/Device = 40,800 kg 

biomass available 

  

100% leachate 
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Ammonium Removed: 40,800,000 g biomass x 80.23 mg Removed/g biomass/ 1,000,000 kg/mg 

= 3,177 kg removed 

Percentage Removed: 3,177 kg/ 51,103 kg = 7% 

  

COD Removed: 40,800,000 kg biomass x 78 mg Removed/g biomass x 1,000 g/kg /1,000,000 

mg/kg = 3,276 kg removed 

Percentage Removed: 3,276 kg/ 51,103 kg = 6.4% 

 

Based on the surface area and volume an average leachate pond in Southwest Florida (Lee County 

Solid Waste Division), 40,800 kilogram of plant could be suspended in the pond while covering 

50% of the surface area. The mass of plants (if black mangrove) could remove almost 11,000 kg 

of chemical oxygen demand (more than 20%) but it may add up to 2,300 kg (5.1%) of ammonium 

with no dilution. Black mangroves are notorious for being living comfortable in and even creating 

anaerobic conditions, which could reduce its capacity for treating ammonium. But at 75% dilution, 

red mangrove could remove up to 4,100 kg (8%) of chemical oxygen demand as well as 1,300 kg 

(3%) of ammonium. Sea oxeye could be effective at both the 75% and the 100% leachate dilution 

as seen in Table 14. Significant reduction of both chemical oxygen demand and ammonium in 

leachate is possible with phytoremediation using native salt-tolerant plants, and it could be 

financially beneficial to the landfill as well as optimal for wastewater treatment plant operators.  

 

Based on calculations of leachate pond size and typical concentrations (Figure 40), sea oxeye 

could remove approximately 6% of the total chemical oxygen demand and 7% of the total 

ammonium in a leachate storage pond. Black mangrove could remove up to 30% of the total 

chemical oxygen demand, but is not effective at ammonium removal. Red mangrove could 

remove up to 8.5% of the chemical oxygen demand and up to 3.5% of the ammonium in a 

leachate storage pond.  Nitrate, nitrite, and phosphate concentrations are too low to justify the 

cost of implementing a system for removal if concentrations are already below maximum 

discharge standards. Nitrate, nitrite, and phosphate concentrations clearly show removal by 

plants but not nearly enough to justify the cost of the system if concentrations are already below 

maximum discharge standards. Chemical oxygen demand removals are not adequate to justify 

cost of system if concentrations are already below maximum discharge standards. Ammonium 

removals are not adequate to justify cost of system if concentrations are already below maximum 

discharge standards. However, if the leachate chemical oxygen demand and ammonium 

concentrations are higher than maximum discharge standards allow, this system is a feasible 

solution that can be inexpensively implemented to reduce concentrations to acceptable discharge 

levels. 

Since dilution is required to reduce leachate concentrations to acceptable levels to a wastewater 

treatment plant, it may be worthwhile to implement a system if the unit cost of added volume due 

to dilution outweighs the cost of removal to below acceptable limits. For example, the cost of 

COD treatment with the system at minimum is $235.8/100 lbs and it only cost $9.78/100 lbs to 

send COD to the WWTP. But to reduce concentrations of COD starting at 6,800 mg/L down to 

6,200 mg/L (the acceptable level at a WWTP) would require extra volume. If the cost of that 

extra volume can outweigh the cost of the system, it may be worthwhile. 
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If aeration, pH adjustment, larger plants or some other optimization allows the plants to stay 

alive for long enough then the extended time of treatment will result in higher total removal at 

the same cost (overlooking operation and maintenance costs). The longer the system can be 

effective (i.e. the plants stay alive) the more cost-effective the system will be. 

 

There were several conservative assumptions made in our experiments that do not necessarily 

reflect real-life conditions. In our studies, we removed the soil matrix, which includes the root 

zone microbial community, which will decrease the survival-ability of the plant, as well as its 

ability to uptake chemical oxygen demand, nitrogen, and phosphorus. In future studies, we will 

keep the soil matrix in place to quantify the significance of this. We also used only single plants 

in a container of leachate. However, it would be important to study the impact of a polyculture, 

allowing a variety of plants to work together to treat the leachate. We also used saplings for most 

of our plant studies, but it would be important to study how mature, adult plants survive and 

remove contaminants. Lastly, the use of Class I leachate without waste to energy ash will likely 

allow plants to survive longer, which will improve treatment and decrease costs, improving the 

feasibility.  
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Figure 40. Aerial of the leachate pond used to estimate the surface area of an average leachate 

pond. The surface area of the pond was used to estimate the biomass which can fit comfortably 

on a leachate pond. 
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Table 14. A comparison of sea oxeye, black mangrove, and red mangrove reduction capabilities 

in an average full-scale leachate pond. Optimal plant may depend on the local cost of sending 

high chemical oxygen demand and/or ammonium concentrations to wastewater treatment plants. 

(NE: not effective) 

 

 
 

Objective V. 

 

Aeration impacted removal of COD and ammonium. The aeration control reactor, which received 

aeration but did not have a plant, was able to reduce COD and ammonium, suggesting that aeration 

removes COD and ammonium. Previous studies have shown this. Accounting for the removal due 

to aeration, seaoxeye COD and ammonium removal was enhanced by aeration. The red mangrove 

COD removal was inhibited by aeration, but there was possible enhancement of ammonium 

removal. Mangrove spider lily ammonium removal was inhibited by aeration, but there was no 

effect on COD removal. These findings suggest that aeration may be useful in a serpentine system 

where aeration could be applied to zones with plants whose phytoremediation processes are 

enhanced by aeration.  

 

Other Considerations 

 

There are post treatment options for the plants after their use as phytoremediators. The plant 

fibers can be used in construction material (Shelef, Gross, & Rachmilevitch, 2013). Another 

possibility is to use hyperaccumulator plants, plants that accumulate high concentrations of 

metals, typically in concentrations 100 times greater than non-accumulator plants grown in the 

same substrate. These plants can then be photomined. Photomining is the “phytoextraction of 

metals for commercial gain.” The plants, after serving as phytoremediators, would be 

incinerated. This creates a bio-ore, from which the metals can be extracted. This would provide 

an opportunity for the metals stored in the hyperaccumulators to be recovered and reused (Patra 

& Mohanty, 2013).  

 

Within hyperaccumulator plants, enhanced active metal transport is key. Hyperaccumulators 

have been found for many metals including Al, As, Cd, Cu, I, Mn, Ni, Se, Zn. However, 

hyperaccumulation cannot be generalized for a plant species. Instead it is population specific. 

Root uptake of metals and the transport of the metal from the root to the shoot is elevated in 

hyperaccumulators. This can be evidenced by the high percentages of metals found in the dry 

weights of the leaves of the hyperaccumulator plants. This can also be expressed by a 

bioaccumulation factor, which is the ratio of concentration of the element inside the organism, 

related to the concentration in the substrate. Hyperaccumulators will have a bioaccumulation 

75% 100% 75% 100%

Sea Oxeye 3,064 (6%) 3,273 (6.4%) 2,928 (6.4%) 3,177 (7%)

Black Mangrove 15,352 (30%) 10,992 (21%) NE NE

Red Mangrove 4,191 (8.2%) 1,148 (2.2%) 1,336 (3%) 1,525 (3.4%)

Plant

COD Removed (kg) Ammonium Removed (kg)
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factor greater than one for the metal in question. Storage of the metals is an extremely important 

part for the hyperaccumulators. They store large amounts, several millimoles per liter, of the 

metals in vacuoles, specifically vacuoles of the epidermis cells, as they do not contain 

chloroplasts, so they will not inhibit photosynthesis (Leitenmaier & Kupper, 2013).  

 

This objective demonstrated the varying ways in which plants respond to environmental stress, 

including dehydration, chlorosis and necrosis.  

 

Conclusions 

This study explores a low-cost, low-maintenance, floating wetland treatment system that has the 

potential to passively treat leachate in ponds, reducing inorganic nitrogen and COD loading before 

discharge to POTW. The end goal of this research is to provide design criteria for floating 

treatment wetlands so that landfill managers can reduce leachate management costs by pre-treating 

their leachate using this type of system.  

 

In the Class I landfill leachate from a landfill that uses waste-to-energy ash as part of the daily 

cover, the best surviving plants when suspended in leachate without a soil matrix were Black 

Mangrove, White Mangrove, Red Mangrove, and Mangrove Spider Lily. Results showed that 

some ammonium and COD removal can be accomplished with the floating constructed wetlands 

proposed herein. Using bench-scale data, constituent removals were not adequate to justify the 

cost of system if constituent concentrations are within the acceptable limits for discharge. 

However, when above discharge standard concentrations, this system may be particularly useful 

to bring concentrations down to acceptable discharge standards.  

 

Since saplings and small plants were used in the experiment, plants were isolated and grown 

leachate as a single monoculture, and since the soil matrix was removed in Objective III, IV and 

V, scale-up experiments are recommended to study the impact of larger plants, polyculture, and 

the importance of the soil-root matrix.  

 

Since leachate is a complex, industrial waste stream, it is critical to choose plants that can survive 

and function in the leachate matrix. This is particularly challenging with leachate that contains 

waste-to-energy ash as the salinity is substantially greater than Class I landfill leachate without 

ash. Cost effectiveness can be optimize by increasing plant longevity.  

 

Due to the variability in plant response to leachate inundation, and the varying displays of 

chlorosis, the spatial arrangements of the plants in the floating wetland should be determined 

strategically. 

 

Future Work 

We plan to continue this work in a variety of ways. First, we will be seeking external funding from 

the Hinkley Center for Solid and Hazardous Waste to continue this work in the 2020-2021 school 

year. This proposed work will include scaling up and implementing this system at a landfill with 
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a polyculture of plants that we have tested (black mangrove, white mangrove, red mangrove, 

mangrove spider lily, and sea oxeye). We will use adult plants and have leachate in a large storage 

container to model storage pond conditions. We will also study the importance of the soil-root 

matrix.  

 

This work will be published in a peer-reviewed journal over the next year. The results from this 

work were presented to the solid waste professional network of Florida at the Solid Waste 

Association of North America (SWANA) Florida annual conference in July 2019. Dr. Danley-

Thomson did a verbal presentation and student Austin Wise did a poster presentation of his 

findings.  Undergraduate research assistant Austin Wise was able to meet with one of the Masters 

of Science in Engineering students and educate her on what he has been doing all summer. She 

was so excited about his project that she has decided to work with Dr. Danley-Thomson to continue 

this work as her Masters Thesis research. This will take place over Spring and Summer 2020. 
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