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Abstract  
 

This thesis explores the use of constructed wetlands to bioremediate effluent from 

municipal wastewater treatment.  An effluent is wastewater, which is released into natural 

bodies of water from a wide variety of industrial and municipal sources. Polluted effluent 

that joins fresh water can disturb the self-regulating process of downstream ecosystems. 

Bioremediation, the use of living organisms such as fungi, plants and bacteria, to degrade 

environmental pollutants is a promising method for detoxifying aquatic environments.  

Constructed wetlands provide a practical and environmentally friendly means of treating 

contaminated wastewaters before release into the environment.  
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Chapter 1: Municipal Wastewater Treatment Plants (WWTP) 

Introduction 

A wide variety of consumer products have been invented to increase comfort, 

sanitation, and convenience of modern life. As a result, many tons of recalcitrant 

polluting compounds from personal care products including detergents, toothpastes, 

shampoos, pharmaceuticals, etc, are used once and discarded, mixed with fresh water. 

These products flow downstream, either as surface water or towards a Wastewater 

Treatment Plants (WWTP). Despite filtration mechanisms, many personal care product 

compounds are not removed by WWTP[51].The subsequent concoction of compounds can 

become a biological burden on the surrounding ecosystem.  

Wastewater Treatment Plant Facilities 

 Wastewater is fresh water that has been used, including sewage, food scraps, 

soap, oils and chemicals [84]. Municipal wastewater is processed through a variety of 

mechanical and chemical filters. Figure 1 is a generalized  

WWTP. The objective of a WWTP facility is to remove the many contaminates which 

accumulate in the water supply. Figure 2 illustrates the various technologies which are 

applied during wastewater treatment. Treated water can be reintroduced as potable water 

or channeled for irrigation, manufacturing, and industrial purposes.  Sewage sludge, a 

byproduct of water treatment plants can also be collected and applied as a crop 

fertilizer[24].  Treated water may be released as effluent from the facility into adjacent 

bodies of water [37].  
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Effluent 

              An effluent is defined by the United States Environmental Protection Agency 

(USEPA) as “Wastewater--treated or untreated--that flows out of a treatment plant, 

sewer, or industrial outfall. Effluent generally refers to wastes discharged into surface 

waters” [85].  Effluent contamination occurs when discharged water is released into a 

downstream environment without adequate treatment to remove residual pollutants. 

Pollution guidelines for the release of effluent were established by the 1972 Clean Water 

Act and vary from one industry to another [30]. The Clean Water act requires the 

Environmental Protection Agency to annually review effluent guidelines, pretreatment 

standards, and performance standards for pollution control as technology changes.   

WWTP Effluent Contamination by Endocrine Disrupting Compounds (EDC) 

There is a growing body of evidence, which suggests that endocrine disrupting 

compounds (EDC) are environmentally persistent, despite water treatment. An EDC is 

defined as “an exogenous substance or mixture that alters function(s) of the endocrine 

system and consequently causes adverse health effects in an intact organism, or its 

progeny, or (sub)populations”[48].  

The endocrine system regulates biological processes within the body, such as 

maturation, growth, reproductive cycles, nervous system development and metabolism. 

Endocrine disruption can occur in a variety of ways including hormone mimicking, 

blocking of receptors, and stimulation of over production or underproduction of 

hormones [29].  The endocrine system is composed of glands that secrete hormones into 

the bloodstream and receptors located in various organs which respond to hormones[29]. 
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“Data for endocrine disruptors in wastewater discharge indicates that several potent 

estrogenic compounds occur in wastewater in concentrations that are biologically active 

and bioavailable to aquatic organisms” [33].  WWTP effluents have been found to contain 

a variety of EDC, “detected compounds included antibiotics, anticonvulsants, painkillers, 

cytostatic drugs, hormones, lipid regulators, beta-blockers, antihistamines, and X-ray 

contrast media” [46] WWTP effluent presents a direct route for these compounds to 

contaminate surrounding aquatic environments [75].  

Effectively removing EDC such as pharmaceuticals, personal care products or 

detergents, is costly and most WWTP do not remove such compounds. [71].  Even with 

potentially high transformation and removal rates of EDC,  continuous introduction into 

the aquatic environment through wastewater treatment effluent can still disturb animal 

life cycles [51].   

Sources of Endocrine Disrupting Compounds (EDC) 

Figure 3 shows compounds which are suspected EDC.  EDC can also accumulate 

in water as runoff from agricultural fields, concentrated animal feeding operations, 

landfills, and urban runoff [33]. Steroidal estrogens in wastewater mainly come from 

female excretion from pregnant women, those using oral contraceptives and from 

individuals using hormone replacement therapies[90].   
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Figure 3 Suspected Endocrine Disrupting Compounds [2]. 

Personal Care Products  

Personal care products generally refer to any products which are used for personal 

health or cosmetic reasons, including cosmetics, pharmaceuticals and fragrances. [31] 

Many of these products accumulate in municipal wastewaters and some are known to act 

as an EDC.   

Under United Stated Food and Drug Administration (FDA) requirements, 

cosmetic firms are responsible for monitoring the safety of their ingredients before 

marketing. [4]  According to the FDA “A cosmetic manufacturer may use almost any raw 

material as a cosmetic ingredient and market the product without an approval from 

FDA.”[1] The Cosmetics Ingredients Review, the industries safety panel, has in its 30 year 

history, reviewed the safety of only 13% of the 10,500 ingredients used in personal care 

products. [28] With no FDA premarket approval, and limited review by the Cosmetics 
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Ingredients Review panel, many personal care products are unevaluated for their 

potentially toxic impacts, to the user or within the environment.  

Pharmaceuticals  

 
Figure 4 illustrates the pathways by which pharmaceuticals can enter into aquatic 

systems. While portions of pharmaceutical compounds are absorbed by the individuals 

taking the medication, varying quantities are passed through the body into municipal 

water systems through sewer lines. [31] Animal livestock operations produce 

pharmaceutical runoff when animals are treated with antibiotics and growth hormones 

[33].   Pharmaceuticals enter surface waters and can persist even in treated effluent 

discharged from WWTP [46].  

Human Exposure to EDC 

“Potential sources of exposure to EDC are through contaminated food, 

contaminated groundwater, combustion sources, and contaminants in consumer products” 

[48].  Contaminated drinking water sources provide a direct route for EDC to enter the 

human body.  EDC can also enter the body directly from exposure to personal care 

products, pharmaceuticals such as contraceptive pills, estrogen replacement therapy 

medications [33]. Bathing in waters containing EDC contaminated effluent or the 

consumption of crops irrigated with wastewater effluent or grown using sewage-sludge 

fertilizer also provide other means of exposure [51]. 
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In regards to the possibility of negatively impacting human health; “The potential 

for adverse effects should therefore not be overlooked, especially because little is known 

regarding the environmental or human health hazards that might be posed by chronic, 

sub-therapeutic levels of pharmaceutical substances or their transformation products” [51].  

Timing of exposure to EDC impacts the organism’s response. Organisms in a 

developmentally sensitive stage may be more sensitive to disruption when compared to a 

mature adult.  “This is true for both wildlife and humans and for cancer as well as for 

developmental, reproductive, immunological, and neurological effects. Numerous 

examples exist in the literature where age at exposure is a known risk factor” [48].  

Synergistic Impacts of EDC 

One consideration when discussing EDC contamination in the environment and in 

finished drinking waters is the potential for synergistic effects of small concentrations of 

a variety of compounds. This is often difficult to anticipate or monitor.  Acute effects of 

therapeutic drugs are studied at high doses and rarely include information on chronic, low 

dose exposure through drinking water [46]. Figure 5 illustrates potential criteria for 

evaluating the risks associated with different EDC based on a variety of factors including 

health and ecological impacts. 
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EDC Contaminants in Wastewater Treatment Sludge 

Accumulated sludge from wastewater treatment facilities are often distributed as a 

fertilizer. According to a 2002 report from the National Research Council Board on 

Environmental Studies and Toxicology, approximately 5.6 million tons of dried sludge 

from WWTP in the US is applied to land [60]. The appeal of free or reduced cost fertilizer 

from municipal water treatment plants is an attractive source of nutrients for agricultural 

operations.  The quality of such fertilizer should be adequately tested in order to insure 

the safety of such applications.  

There is a concern that sludge accumulates EDC when wastewater is treated; 

“widespread use of solids from wastewater plants as fertilizers for garden and agricultural 

applications also allows the redistribution of EDC that adsorb to wastewater sludge and 

may be released and taken up in crops or enter waterways via runoff”[33]. 

EDC contaminated Effluent Impacts on Wildlife in Receiving Waters  

Organisms in living in receiving waters downstream from WWTP effluent are 

chronically exposed to a mixture of EDC and can suffer developmental and reproductive 

harm as a result[87]. Male fishes exposed to EDC in WWTP effluent are less likely to be 

reproductively successful than those left unexposed [58].  

In an assessment of the estrogenic impact of a WWTP effluent outside of Boulder 

CO, white sucker fish, Catostomus commersoni (Lacepède) were collected from 

immediately upstream and downstream of the effluent release site.  Downstream fish, 

exposed to WWTP effluent exhibited altered sex ratios, reduced gonad size, disrupted 

ovarian and testicular pathology, and high rates of intersexed individuals composing 18-

22% of the population [87]. Intersexed fish were not found at the upstream site. The 
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concentration of estrogenic WWTP effluent in an aquatic environment is a causal factor 

in abnormal rates of intersexed fish{{;298 Susan Jobling, Monique Nolan, Charles R. 

Tyler, Geoff Brighty, John P. Sumpter 1998;}}. Figure 6 illustrates the results of the 

study conducted on white sucker fish showing sex ratio distributions.  

The northern leopard frog was experimentally exposed to WWTP effluent.  

Individuals exposed to 50% and 100% wastewater took significantly longer to develop 

than those in the control group, indicating that WWTP effluent can alter metamorphic 

process [75]. 

 

Figure 6 The male to female sex ratio of white suckers at the effluent site was 
significantly biased toward females and a significantly higher frequency (2X) of male 
white suckers was observed at the upstream site relative to the effluent site[87]. 

 

http://pubs.acs.org/servlet/linkout?suffix=ref4/cit4&dbid=16&doi=10.1021%2Fes801845a&key=10.1016%2FS0048-9697%2898%2900334-9
http://pubs.acs.org/servlet/linkout?suffix=ref4/cit4&dbid=8&doi=10.1021%2Fes801845a&key=10028705
http://pubs.acs.org/servlet/linkout?suffix=ref4/cit4&dbid=32&doi=10.1021%2Fes801845a&key=1%3ACAS%3A528%3ADyaK1MXhsVKmtg%253D%253D
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Endocrine Disruptor Screening Program (EDSP)  

The United States Environmental Protection Agency is responsible for screening 

pesticides for their potential to disrupt endocrine function [29]. This regulation authority 

came to the EPA as a result of the Food Quality Protection Act and the Safe Drinking 

Water Act Amendments, passed by Congress in 1996.  “Based on recommendations from 

an Advisory Committee, EPA has expanded the EDSP to include male hormones 

(androgens) and the thyroid system, and to include effects on fish and wildlife. “ [3] EPA 

screening process is reviews pesticides and therefore does not include a large number of 

possible endocrine disruptors [29]. 
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Chapter 2: Triclosan®, Persistent Antimicrobial in WWTP Sludge and Effluent 
 

Introduction 

 
Triclosan® ®  (2,4,4' –trichloro-2'-hydroxydiphenyl ether) has broad-spectrum 

anti-microbial activity against most gram-negative and gram-positive bacteria. It is 

widely used in personal care products, household items, medical devices, and clinical 

settings[34]. The Environmental Working Groups database “Skin Deep” has Triclosan®  

listed in 459 cosmetic products [7]. The levels of Triclosan®  in consumer products is not 

formally regulated by the FDA.  Liquid hand soaps, for example, can contain between 

0.1% and 0.45% weight/volume (wt/vol) [9].  

The main manufacturer of Triclosan®  is Ciba-Geigy. It is estimated that 1500 

tons are produced annually worldwide [15]. Triclosan®  is marketed under a variety of 

names;  Irgasan® DP 300 and Irgacare® MP.  Fibers can also be infused with Triclosan®  

under the labels Ultra-Fresh®, Amicor®, Microban®, Monolith®, Bactonix® and 

Sanitized®  [8].  

Triclosan®  is incorporated into a variety of products as a preservative, an 

adhesive, in fabrics, plastics, toys, toothbrushes, textiles, carpeting, rubber, floor wax 

emulsions, etc[36]. The incorporation of Triclosan®  into a variety of materials is 

facilitated by the compounds fairly high melting point, at 55° C [34].  
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Triclosan®  & Wastewater Treatment 

Over a million pounds of antimicrobial active compounds flow into wastewater 

from soap and other products annually [6]. Triclosan®  is incompletely removed by 

WWTP processing [25]. While significant amounts of Triclosan®  are removed by 

WWTP, detectable levels remain in the effluent, receiving surface waters and sediments  

[27]. Environmental exposure to Triclosan®  is most likely from wastewater effluent [35].  

Triclosan®  accumulation in Wastewater Treatment Sludge 

 During wastewater treatment, Triclosan®  accumulates in the sludge [13]. The 

levels of Triclosan®  present in sewage sludge is highly variable, as illustrated by a study 

conducted in German water treatment facilities (figure 7) [14].  

Excess sludge biomass is recycled into fertilizer in many cities and municipalities. 

When this sludge is used as a fertilizer, Triclosan®  is introduced to soil and crops.  

According to one study, approximately 50% of the Triclosan®  entering wastewater 

treatment accumulated in the sludge (figure 8) [44]. The reuse of municipal sludge as an 

agricultural fertilizer represents a route for the accumulation of large amounts of 

Triclosan®  into the environment [44]. 
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      Wastewater Treatment Plants    
 

Figure 7  “Concentrations (ng g−1) of Triclosan®  in sewage sludge from 20 different 
sewage plants in Northrhine Westphalia, Germany” [14]. 

 
 
 
 

 

Figure 8 “Fate of Triclosan®  (TCS) during activated sludge sewage treatment. 
Approximately one half of the total mass of TCS entering the plant accumulated in sludge 
(50 ± 19%). An additional 2 ± 1% passed through the plant and was discharged with the 
effluent into local surface water.”[44] 
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Triclosan® : An Endocrine Disrupting Compound of Concern 

 
 “The molecular structure of TCS resembles that of several nonsteroidal estrogens, 

such as diethylstilbestrol and bisphenol A. This suggests the potential to act as an 

endocrine-disrupting agent” [69]. 

Triclosan®  has been shown to act as an endocrine disruptor in aquatic 

organisms[69]. Triclosan®  exposure in male western mosquitofish, Gambusia affinis 

(Baird & Girard), was found to inhibit sperm production and to induce vitellogenin gene 

expression, an estrogen regulated process. Elevated expression of the vitellogenin gene is 

rare in males and is an established marker of estrogen exposure[69]. 

Triclosan®  exposure has been shown to disrupt the expression of receptors which 

control heart development during larval stages in the zebrafish [40]. Male rats exposed to 

Triclosan®  demonstrated a reduction in sperm count when compared to controls. 

Atrophy and tissue degradation were also noted in the prostate glands and ductus 

deferens in exposed males[56].  Kumar (2009), concluded that Triclosan®  acts as an 

endocrine disruptor which can interfere with pituitary-gonadal pathway and development.  

Female rats exposed to Triclosan®  reached reproductive maturity earlier than the 

control group, which is consistent with an estrogenic response. The results indicate that 

Triclosan®  alters estrogen action and that it can interfere with endocrine dependant 

functions[80]. 

Efficacy of Triclosan®  in hand soaps   

 
The efficacy of antimicrobial soaps generally refers to their ability to reduce 

bacteria with greater effectiveness then plain soap and water during hand washing[9].  
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Antibacterial soaps claim that their use will improve health and cleanliness. However, 

soaps which contained Triclosan®  in ranges of 0.1%-0.45%, concentrations most 

commonly used in handsoaps, were found be no more effective at reducing rates of 

infectious illnesses in the community setting or in reducing bacterial levels on the hands 

than plain soap and water [9].    

The beneficial impacts of Triclosan®  in maintaining the health of the general 

public are not clearly evident and thus the universal incorporation of Triclosan®  into 

personal care products, such as soaps and toothpastes has been called into question [11]. 

The FDA states that there is no evidence to suggest that Triclosan®  containing antibiotic 

soaps and body washes provide additional health benefits when compared to non-

antibacterial soaps [36].  

Medical Uses of Triclosan®   

  Triclosan®  has proven to be a valuable control measure for infections in clinical 

settings. In 1990, Triclosan®  was used to eradicate a nosocomial outbreak of MRSA, 

methicillin-resistant Staphylococcus aureus( Stöppler,) in a neonatal care unit. An initial 

change in hospital procedure was not effective at preventing the spread of MRSA among 

infants. [94]. Eradication was possible only after the implementation of Triclosan® .  A 

0.3% solution of Triclosan®  hand wash soap (Bacti-Stat) was associated with the 

eradication of the MRSA outbreak[94]. 

 Triclosan®  is utilized in a variety of dental applications.  The FDA reviewed 

effectiveness of Triclosan®  in Colgate Total toothpaste and concluded that it was 

effective at preventing gingivitis[36].  
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Bacterial Resistance to Triclosan®  

 Antimicrobials will kill susceptible members of a microbial population, but 

resistant individuals will survive and reproduce. Constant exposure to antimicrobials can 

lead to resistant pathogens strains.  The widespread use of Triclosan®  could select for 

resistance of bacterial communities[65]. Historically, antibacterials were used in hospital 

settings where they were incorporated into soaps, and surgical clothes to limit the 

transmission of infection. The widespread incorporation of antimicrobials is a relatively 

recent phenomenon [57].  Antimicrobials use in hospital settings is effective at preventing 

the spread of pathogens, but has proven ineffective at reducing illness in the community 

level [9].  Decreased susceptibility to Triclosan®  and an increase in minimal inhibitory 

concentration may present a threat for medically necessary applications of Triclosan®  as 

strains become more resistant and thus more difficult to treat.   

Triclosan® , Risk and Exposure for Humans 

Risk is a function of exposure (likelihood of harm) and hazard (magnitude of 

intrinsic harm)[35].  Triclosan® s’ ubiquitous incorporation into a variety of products 

allow many opportunities for the compound to enter the human body, and thus a create a 

high exposure. One survey found Triclosan®  as an ingredient in 75.7% of liquid hand 

soaps sampled in national stores[65]. Triclosan®  is known to be absorbed through dermal 

contact [26] as well as though the mouth and intestinal tracts [11]. The potential effects of 

Triclosan®  accumulation may be more pronounced for young and elderly individuals, 

those with reduced metabolism, allergic individuals, or during certain sensitive life 

stages, or during pregnancy [51]. 
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 Triclosan®  containing toothpastes have been shown to provide a route for 

Triclosan®  accumulation into users. Normal use of Triclosan®  containing toothpaste 

for 12 weeks resulted in a system circulation of 12-21 ng/ml Triclosan®  in blood 

samples. [11] 

Human urine samples from the general U.S population were found to contain 

Triclosan®  in 74.6% of samples with concentrations ranging from 2.4–3,790 µg/L. 

Concentrations of Triclosan®  were highest during the third decade of life and among 

individuals with the highest household income [22]. The high frequency of Triclosan®  

detection in samples is likely due to the daily use of Triclosan®  containing products by 

the population.  

Triclosan®  in Human Breast Milk  

A study conducted on nursing mothers in Sweden found that mothers who used 

personal care products with higher Triclosan®  concentrations accumulated the 

compound in their plasma and milk more then those that did not [11].  They also found that 

those exposed through Triclosan®  containing toothpaste had higher levels than those 

exposed from Triclosan®  containing deodorants[11]. The presence of Triclosan®  in 

nursing mothers milk indicates that infants are also receiving a dose of this compound. 

Although the concentrations in milk were lower than in the mothers blood plasma, the 

impacts of ingested Triclosan®  on such young individuals may be more critical given 

their sensitivity at early developmental stages.  

Triclocarban® 
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Triclocarban® (3,4,4'-trichlorocarbanilide) is addressed in conjunction with is 

Triclosan®  in many environmental impact studies despite that they belong to distinct 

chemical groups. Triclocarban®  has been found to have similar environmental impacts 

to Triclosan®  [35] The compounds are used similarly by consumers,  Triclosan®  and 

Triclocarban® are incorporated into a variety of personal care products and are generally 

disposed of after their use and mix with wastewater [41] Both compounds have nearly 

identical uses and half-life’s in air, water, soil and sediment [41].  

Environmental Persistence 

 The United States Geological Survey (USGS) conducted a survey on organic 

wastewater contaminant concentrations in streams. Triclosan®  was one of the most 

frequently detected compounds [25]. Triclosan®  is known to be persistent in aquatic 

environments with of half-life of at least 11 days in river water [27] to as long as 540 days 

in sediment[41]. Figure 9 shows the estimated half life for Triclosan®  and Triclocarban® 

in air, water, soil and sediment.  
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Figure 9 “Half-lives of Triclocarban® and Triclosan®  in air, water, soil, and sediment, 
estimated using quantitative structure-activity relationship (QSAR) analysis”[41]. 
 

Bioaccumulation 

 Certain algal species can produce triacylglycerols compromising up to 60% of 

their body weight [25].  Accumulation of  lipophillic contaminants such as Triclosan®  in 

algae can provide a route for bioaccumulation in subsequent tropic levels [88].  

Aquatic Organisms and Triclosan®   

 After its use in handsoaps and personal care products, Triclosan®  is often rinsed 

into wastewater and enters the aquatic environment through effluent and sludge [23]. The 

highest seasonal Triclosan®  concentrations from effluent streams leaving WWTP are 

known to occur during summer months[25].  During the summer season many aquatic 

organisms experience the most growth, resulting in an increased opportunity for the 

bioaccumulation of lipophillic compounds into aquatic organisms[25]. The environmental 

risk of Triclosan®  is especially high during droughts, when natural water mixing with 
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wastewater treatment effluent resulting in a low dilution capacity [71]. The possibility of 

chronic, sub lethal Triclosan®  exposure to organisms should be investigated [27].  

Triclosan®  in known to be acutely and chronically toxic to aquatic organisms[13]. 

The life stage of aquatic organisms is known to influence their susceptibility to 

Triclosan® .  Larval grass shrimp for example were found to be approximately two times 

more sensitive to Triclosan®  exposure than adults [27].  

 Environmentally relevant Triclosan®  concentration were found to disrupt thyroid 

hormone-associated gene expression in ways which can alter postembryonic development 

in the North American bullfrog, Rana catesbeiana (Shaw) [88]. In fish, sub lethal effects 

of Triclosan®  exposure included loss of equilibrium,  erratic swimming, and jaw 

locking; all of which could reduce the organisms ability to evade predators as well as 

disrupting their feeding patterns [62]. Figure 10 provides a visual representation of 

environmental occurrence data for Triclosan®  and Triclocarban® as well in comparison 

to toxicity thresholds for various organisms, [42]. 
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Impacts on Algae  

Triclosan®  is known to impact algal communities at concentrations as low as 

0.015 µg/L[15]. When WWTP effluent is released into rivers, Triclosan® concentrations 

can exceed the NOEC (No observed effect concentration) for algal populations [23].  

Unicellular algae show an enhanced sensitivity to Triclosan®  [62].  

Photodegredation  

 Triclosan®  is known to photodegrade in the aquatic environment. [34] A modeling 

of Triclosan®  photolysis rates for 100 randomly selected WWTP found that 

photodegredation was responsible for less then 0.1% of the downstream removal rate [70].  

This may be because light does not penetrate deeper bodies of water or where Triclosan®  

may be concentrated, such as in sediment.  
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Chapter 3: Bioremediation, A multi-organism approach  
 

Introduction 

             Bioremediation technologies mitigate hazardous environmental contaminants 

utilizing biological metabolic processes.  Bioremediation can transform pollutants to less 

toxic forms or it can immobilize them within an organisms for collection and removal [63].  

Bioremediative organisms include plants, microorganisms such as bacteria, and fungi, 

etc.  Ideally, bioremediation should be low cost, would eliminate pollutants and would 

not leave harmful byproducts on site.   Bioremediation can also be used in conjunction 

with mechanical and chemical treatments [16]. 

Bioremediation Strategies 

Bioremediation technologies can be applied in situ, ex situ or in a bioreactor. In 

situ is conducted on site where as ex situ bioremediation entails a removal of 

contaminated substrate for treatment.  Bioreactors are controlled devices which support 

the growth of organisms suitable for bioremediation. In-situ bioremediation methods 

have been shown to have distinct advantages over substrate removal and 

decontamination. In-situ bioremediation is generally less costly, requires less labor, 

reduces transportation of contaminated substrate, and reduces exposure of workers to 

hazardous wastes [86].  Table 1 gives information on bioremediation strategies.  
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Table 1 Summary of bioremediation strategies [89] 

Technology  Examples Benefits Limitations Factors to Consider 

 In situ In situ 
bioremediation 
Biosparging 
Bioventing 
Bioaugmentation 

Most cost efficient 
Noninvasive 
Relatively passive 
Natural attenuation 
processes Treats soil 
and water 

Environmental 
constraints 
Extended 
treatment time 
Monitoring 
difficulties 

Biodegradative 
abilities of 
indigenous 
microorganisms 
Presence of metals 
and other inorganics 
Environmental 
parameters 
Biodegradability of 
pollutants Chemical 
solubility Geological 
factors Distribution 
of pollutants 

 Ex situ Landfarming 
Composting 
Biopiles 

Cost efficient Low 
cost Can be done on 
site 

Space 
requirements 
Extended 
treatment time 
Need to control 
abiotic 
loss Mass transfer 
problem 
Bioavailability 
limitation 

See above 

 Bioreactors Slurry reactors 
Aqueous reactors 

Rapid degradation 
kinetic Optimized 
environmental 
parameters Enhances 
mass transfer 
Effective use of 
inoculants 
and surfactants 

Soil requires 
excavation 
Relatively high 
cost 
capital Relatively 
high operating 
cost 

See above 
Bioaugmentation 
Toxicity of 
amendments Toxic 
concentrations of 
contaminants 

 
 

 

Requirements for Bioremediation  
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The following are requirements for bioremediation application [10]: 

a. “Microorganisms must exist that have the needed catabolic activity. 

b. Those organisms must have the ability to transform the compound at reasonable rates 
and bring the concentration to levels that meet regulatory standards. 

c. They must not generate products toxic at concentrations likely to be achieved during 
the remediation. 

d. The site must not contain concentrations or combinations of chemicals that are 
markedly inhibitory to the biodegrading species, or means must exist to dilute or 
otherwise render innocuous the inhibitors. 

e. The target compound(s) must be available to the microorganisms. 

f. Conditions at the site or in a bioreactor must be made conducive to microbial growth or 
activity. For example, an adequate supply of inorganic nutrients, sufficient O2, or 
some other electron acceptor, favorable moisture content, suitable temperature, 
and a source of C and energy for growth if the pollutant is to be co-metabolized. 

 

Limitations of Bioremediation  

 
          Not all contaminants are susceptible to bioremediation, including highly 

chlorinated compounds, asbestos, and radioactive materials[53]. Each contaminated site is 

unique and may require extensive testing and assessment for appropriate bioremediation 

technologies. Small scale pilot programs testing bioremediative technologies may also 

need to be conducted before large scale clean up can begin [43].   

          Organisms used in bioremediation require optimal growth conditions in order to 

efficiently metabolize contaminants. These conditions include temperature, oxygen 

availability, pH, moisture content and nutrient levels [74]. Evaluating the success of 

bioremediation can be difficult given that contaminants may not be evenly distributed 

throughout sites.  
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Phytoremediation 

          Phytoremediation is the use of plants in bioremediation applications. 

Phytoremediation has proven effective at concentrating heavy metals in plant tissues; 

facilitating subsequent removal [49]. Removal of plant tissue from heavy metal polluted 

sites involves increased labor costs but can permanently remove the hazardous materials.  

Potential limitations for phytoremediation include long clean up times, potential food 

web contamination and difficulty maintaining plant populations in contaminated sites [89]. 

Table 2 lists plant species which are commonly used for a variety of phytoremediation 

applications.  

Monitoring Bioremediation  

 
          Assessment of in-situ bioremediation essentially addresses the following concerns; 

the efficiency of pollutant degradation by present organisms, subsequent ecotoxicity of 

substrate, fate of pollutant metabolites and ecological consequences of applied 

bioremediation technologies on site [63]. 
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Table 2 Plants used in phytoremediation studies for pollutants[53] 
Pollutant(s) Plant species used 

Nitrogen, phosphorus Thalia geniculata f. rheumoides Shuey, Oenenathe javanica 
(Blume) DC. ‘Flamingo’, Phyla lanceolata (Michx.) Greene 

Cadmium, copper, arsenic Lolium perenne cv Elka 

Cadmium, copper, lead, zinc Paulownia tomentosa 

2,4,6-trinitrotoluene Vetiver grass (Vetiveria zizanioides) 

Anthracene in 
mycorrhizospheric soil Ryegrass (Lolium multiflorum) 

Phenol Vetiver (Vetiveria zizanoides L. Nash) 

2,6-dinitrotoluene Arabidopsis thaliana 

Arsenic species such as 
arsenate Spider brake (Pteris cretica L.) plants 

Arsenic Nugget marigold, a triploid hybrid between American (Tagetes 
erecta L.) and French (Tagetes patula) marigolds 

Cadmium, chromium, nickel, 
iron, arsenic Helianthus annuus (sunflower) 

Recalcitrant PAHs Fescue (Festuca arundinacea), switchgrass (Panicum virgatum), 
zucchini (Curcubita pepo Raven) 

Dibenzofuran-contaminated 
soil 

Bermuda grass (Cynodon dactylon), bent grass (Agrostis palustris 
Huds.), lawn grass (Zoysia japonica), white clover (Trifolium 
repens L.) 

Selenium-laden drainage 
sediments 

Canola (Brassica napus var. Hyola 420), tall fescue (Festuca 
arundinacea var. Au Triumph), salado grass (Sporobulus 
airoides), cordgrass (Spartina patens var. Flageo). 

Soil contaminated with diesel 
fuel 

Scots Pine (Pinus sylvestris), Poplar (Populus 
deltoides × Wettsteinii), Red fescue, Festuca rubra; Smooth 
meadowgrass, Poa pratensis, Perennial ryegrass, Lolium 
perenne), White clover, Trifolium repens and Pea, Pisum sativum 

Lead, copper, zinc, cadmium Vetiver grass Vetiveria zizanioides 
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Mycoremediation: Fungal Bioremediation 

           Mycoremediation is the use of fungi for bioremediation applications.  Fungi are 

decomposers and play a key role in global nutrient cycling. Fungi are capable of 

transforming synthetic chemicals into an energy source for growth and development [53].  

The kingdom of fungi includes molds, mushrooms, lichens, rusts, smuts and yeasts. 

Figure 11 illustrates the various structures common to most fungi which form 

mushrooms.  Mycelia are depicted at the bottom of the image. 

 

Figure 11 Generalized diagram of mushroom forming fungi [5]. 

         Fungi are heterotrophic eukaryotes that absorb food through filamentous hyphae 

known as mycelia. The root like structures of fungi, Mycelia, secrete a variety of 

enzymes as part of their extracellular digestion [12].  Enzymes are proteins that increase 
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the rates of chemical reactions.  The enzymes secreted by fungal mycelia are capable of 

metabolizing a wide range of compounds including a number of environmental 

contaminants [53].  Figure 12 shows fungal mycelia metabolizing petroleum.  

 

 

Figure 12  Petroleum based oil being absorbed my mushroom mycelium[77]. 

 
            In situ mycoremediation generally involves field collection of native fungi.[83] 

Collected fungal cultures are then isolated within a laboratory environment and the tissue 

is expanded by transfer onto sterile growth substrates such as wood chips, straw, corn 

cobs etc. Figure 13 illustrates the process by which fungal mycelia is collected from the 

wild, isolated in the laboratory, and expanded onto a growth substrate for 

mycoremediation. Once substrates have been colonized by the fungi they can bee 

incorporated into a variety of environments both aquatic and terrestrial for 

mycoremediation applications[83].  
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Figure 13 Mycoremediation Preparation Process for Application to Field Settings[83]. 

Suitability of fungi for bioremediation 

         Fungi should be considered for remediation against pollutants that cannot be 

efficiently degraded by other means.  In environments with relatively low concentrations 

of pollutants,  mycoremediation may be more suitable then bacterial bioremediation. This 

is due to differences in fungal and bacterial metabolism, bacterial metabolism 

necessitates absorption by bacteria for subsequent metabolism, contaminants must be 

present in sufficient concentration to be effectively degraded [43]. Fungal metabolism is 

extracellular and non-specific, so pollutants are degraded as fungal enzymes seep into 

surrounding soil. Figure 14 illustrates the various pollutants that are degraded by different 

fungal phyla. 
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Figure 14 The classification of Fungi the major organic chemicals that are degraded by 
various fungal phyla and subphyla [43]. 
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Potential Toxicity of Fungal Metabolites  

           Ideally, mycoremediation should result in a reduction of toxicity in contaminated 

environments [63]. Fungal transformation products from polycyclic aromatic hydrocarbons 

(PAHs) were found to be less toxic then parent compounds [43].  The potential exists 

however, for a metabolite of a pollutant to be more toxic then the parent compound, such 

as is the case with DDD, a metabolite of DDT.  Assesment of conaminatns withing 

potential mycoremediation sites should be evaluated for byproduct toxicity.  

            Fungal fruiting bodies, also known as mushrooms, can accumulate some toxins, 

including heavy metals [77]. For this reason, in mycoremediation technologies are applied 

in areas with heavy metal contaminants, mushrooms should be collected for disposal.  

The role of White-rot Fungi in Mycoremediation 

          White-rot fungi is a physiological grouping and not a taxonomic one, including 

fungi that are capable of degrading lignin. White-rot fungi are so named because of the 

bleached appearance of wood colonized by these organisms[38].  White-rot fungi produce 

a variety of enzymes such as lignin peroxidase, manganese peoxidase and laccase[82]. 

Enzymes produced by white-rot fungi have broad substrate specificity and are therefore 

capable of oxidizing a wide range of environmental contaminants from a variety of 

pollutant classes with structural similarities to lignin “[92]. Laccase is capable of 

degrading compounds which are difficult to treat via conventional treatment systems [82]. 

White-rot fungi are also tolerant of higher concentrations of toxic pollutants due to their 

extracellular secretion of enzymes, an advantage over organisms which must absorb 

contaminants in order to metabolize them [67].  
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The Role of the Oyster mushroom Pleurotus ostreatus in Mycoremediation  

Pleurotus ostreatus(Kummer) is a white-rot fungi.  It is an active lignin degrader 

that lives as a saprophyte on dead or decaying wood in the wild. P. ostreatus’  ability to 

degrade lignin is useful in the bioconversion of agricultural wastes as well as in 

bioremediation of contaminants[50]. Substrate used for the cultivation of P. ostreatus can 

be pasteurized rather then sterilized, which is more cost effective [77]. Table 3 shows 

various agricultural byproducts that can be used as a growing medium for Pleurotus 

species.  P. ostreatus fruiting bodies are not particularly susceptible to diseases and pests. 

[73] Pleurotus species are more tolerant of pollutants then bacteria. [54]  

 

Table 3 Substrates used for Pleurotus Ostreatus cultivation [73] 

 

Scientific name Substrate 
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Chapter 4: Constructed Wetlands 
 

Introduction 

 
Constructed wetlands provide an environment for in situ bioremediation 

technologies to treat effluent contamination. Constructed wetlands are engineered 

systems used to refine a variety of treated effluent before release into natural bodies of 

water.  Constructed wetlands have a capacity to remove a variety of contaminants similar 

to high cost-tertiary treatments for wastewater, making constructed wetlands a cost 

effective alternative to reduce contaminants from effluent [59]. Establishing optimal 

conditions for physical, chemical, and biological in-situ remediation of contaminated 

effluent through constructed wetlands provides a environmentally friendly, low cost and 

efficient means of treating a diversity of wastewaters [19]. 

 Constructed Wetlands are not generally utilized in the primary treatment of raw 

wastewater. They are generally used as an additional process for final detoxification as a 

secondary or tertiary filter [17]. Generally they consist of a basin or multiple cells that 

Pleurotus sp (P. ostreatus, P. sajor-

caju, P. eryngii, P. pulmonarius, P. 

eous, P. florida) 

Coffee pulp, sawdust, cocoa, peanut and 

coconut shells, cotton seed hulls, Jamaica, 

cassava peels, cotton, sorghum, banana, 

corn stalks, grass, clover, wood, wastes of 

rice, wheat, sawdust, cotton from textile 

industry, corncobs, crushed bagasse and 

molasses from sugar industry 
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contain wastewater, substrate, wetland plants and feature a designated point of inflow for 

effluent and an exit point for finished water [93]. Constructed Wetlands are capable of 

removing aquatic contaminants through a multitude of physical and biological 

processes[68].  

History of Constructed Wetlands 

  
 Natural wetlands have absorbed and purified human wastewater for thousands of 

years. Ancient Chinese and Egyptian cultures were known to have used wetlands for 

wastewater disposal [17].  

  An essay dating to 1904, published in Hornsby Literary Institute is cited as one of 

the first written descriptions of a constructed wetland designed for the treatment of 

municipal wastewater.   

 
“If every householder disposed of his own drainage on his own premises as he 
might very well do, the health of all of us would be much improved. Anyone who 
has a little ground about his house can dispose of his dirty water as follows:  
Dig up a plot of ground thoroughly to a depth of fifteen to eighteen inches. Cut a 
channel leading from the kitchen and washhouse into the highest side of the plot 
and let all the dirty water drain into it. Plant the plot with plants that grow rapidly 
and require a great deal of water such as Arum Lilies, for instance. The dirty 
water will be all absorbed by the roots of the plants and a most luxuriant garden 
will be produced which will defy the hottest weather and will always be green and 
beautiful. By this means a curse will be transformed into a blessing.” 
     -From Hornsby Literary Institute, 1904 
 

Modern experimental research into the use of constructed wetlands for wastewater 

treatment began in Germany during the 1950s, pioneered by Dr.Kathe Seidel.  Dr.Seidel 

researched the use of aquatic plants grown in an artificial wetland for wastewater 

purification [91].  Since the 1980s the use of constructed wetlands has expanded to treat a 

diversity of wastewater from agriculture, mine drainage, municipal wastewaters, as well 
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as landfill and urban runoff.[91] 

Constructed wetlands in Developing Countries  

 Wastewater treatment facilities are rare in developing countries due to the high 

costs associated with advanced treatment[55]. The use of constructed wetlands within 

developing countries for is an attractive option due to its low cost, low maintenance and 

ease of operation. [95]  

Small Scale Constructed Wetlands 

The Tennessee Valley Authority (TVA), a federal regional resource development 

agency, published a manual for designing small-scale constructed wetlands. The TVA 

developed and field tested small-scale constructed wetlands as part of an initiative to 

improve surface water and ground water  quality [79].    The guidelines were developed for 

treating wastewater for rural populations living in non-sewered areas.  

Single residence constructed wetlands provide a viable option for in situ 

wastewater treatment.  Included in the TVA manual are plans for a constructed wetland 

designed to treat wastewater from a three bedroom house [79]. The smallest constructed 

wetland design from the TVA manual is for a one bedroom house releasing 83 gallons 

per day of wastewater.  

The Danish EPA also produced guidelines for the development of small-scale 

constructed wetlands for use in rural areas[18].  Danish EPA guidelines for constructed 

wetlands were established to minimize nitrogen loading from rural sources into the 

aquatic environment.  

Types of Constructed Wetlands  
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The two basic types of constructed wetlands are Free Water Surface (FWS) and 

Vegetated Submerged Bed (VSB) [93].  In a FWS cell, water flows well over the substrate.  

In a VSB, water flows below the level of the substrate medium.  

Free Water Surface systems (FWS) 

 
Free water surface (FWS) constructed wetlands consist of those in which the 

wastewater flowing through the system is above the substrate level and is exposed to the 

atmosphere. Most natural wetlands are FWS.  Observation of improved water quality 

after passage through natural wetlands served as an inspiration for the intentional creation 

of constructed wetlands[17]. FWS constructed wetlands are widely distributed within the 

US and were being utilized in 32 states as of 2000[32]. FWS constructed wetlands have 

been used to treat mine drainage, urban storm water, sewer overflows, agricultural runoff, 

livestock and poultry wastes, landfill runoff,  and municipal effluent [32].    

Structural features of FWS wetlands include berms to enclose treatment ponds, 

inlets which distribute incoming waters across the cells, a liner to prevent leakage of 

wastewater into the ground, areas of vegetation and open water and outlet drains which 

allow for adjustment of water levels within the cells [61] In FWS beds, water levels should 

be high enough to maintain root cover and low enough not to submerge plants[93]. 

 The depth of water within FWS wetlands is generally within the range of a few 

inches, to a few feet [32].  FWS treatment cells length to width rations should be in the 

range of 3:1 to 5:1 with approximately six inches of soil placed over the bed liner as a 

substrate for plant growth [93]. Figure 15 is a diagram of a FWS constructed wetland. 
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Figure 15 Free Water Surface Constructed Wetland [32] 

 

Vegetated Submerged Bed (VSB) 

  

Vegetated submerged bed VSB constructed wetlands generally consist of one or 

multiple retention cells filled with gravel and wetland vegetation through which 

wastewater flows. Submerged bed technology in constructed wetlands began in Germany 

in the 1960s as a form of wastewater treatment[90]. VSB treatment beds are especially 

suited for applications in which surface wastewaters would pose a threat to humans or 

wildlife such as in individual homes, parks, or other public facilities [32]. VSB wetlands 

are structurally similar to FSW wetlands in that both are contained within a liner, and 

both utilize inflow and outflow control mechanisms to control the flow of wastewater 

through the system.  Figure 16 is a diagram of a VSB constructed wetland. 
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Figure 16 “Schematic representation of a constructed wetland with sub-surface flow. 1, 
distribution zone filled with large stones; 2, impermeable liner; 3, medium (e.g., gravel, 
crushed stones); 4, vegetation; 5, water level in the bed; 6, collection zone filled with 
large stones; 7, collection drainage pipe; 8, outlet structure for maintaining of water level 
in the bed. The arrows indicate only a general flow pattern” [90] 

 

Design Criteria for Constructed Wetlands  

 
 

Constructed wetlands are used primarily in warmer regions, due to the limitations 

for areas which reach freezing temperatures for extended periods of time[93].  However, 

seasonally operated FWS wetlands in colder climates can be used during warmer months.  

In seasonally operated constructed wetlands, wastewater is held in a lagoon during winter 

months and is slowly discharged into the wetland during the summer season[32]. 

 Constructed wetland design must take into consideration a variety of factors 

unique to each site including type of wastewater, loading rate into the wetland, plant 

species and management needs for the operation of the project [52].  Size, shape and 

configuration of constructed wetlands is highly variable and is largely dependant on site 

specific variables as well as wastewater inflow quality [61]. Ideal sites for constructed 
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wetlands should be located directly the wastewater source, are of adequate size, should be 

above the water table, should be above floodplains[93]. 

 Hydraulic retention time is another factor which is critical to consider to ensure 

that wastewater is retained within the constructed wetland for a period of time, usually 

less than 3 days, which is long enough to improve water quality and short enough to 

minimize the overgrowth of algae which can interfere with water flow [32]. The inflow 

and outflow mechanisms within constructed wetlands is critical to performance of 

constructed wetland because they ensure an even flow of wastewater throughout the 

system [61]. 

Vegetation in Constructed Wetlands  

 
Vegetation choice depends on intended depth of the constructed wetland. 

Commonly used species can include giant bulrush, maiden cane, cattails and common 

reed [93].  Plants should be established within the basins before wastewater is introduced, 

with a minimum of 4-6 weeks as an establishment period. In FWS wetlands, the most 

commonly used wetland plants are cattails, bulrush and reeds [32].  Table 4 lists a variety 

of plants which are commonly used in constructed wetlands.  

Vegetation provides oxygen to bacteria in the root zone and serves as a substrate 

for the growth of a variety of bioremediative microorganisms. [68] The active reaction 

zone for physical, chemical and biological bioremediation is within the rhizophere, or 

root zone of the aquatic plants where microorganisms, pollutants and the plants interact. 

[81] 
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Table 4 Selection of plant species used in constructed wetlands[81]. 

 

Costs: Initial and Maintenance  

 
Initial costs of creating a constructed wetland will vary depending on size and 

location but generally include the following, “land, site investigation, site clearing, 

earthwork, liner, rooting media, plants, inlet and outlet structures, fencing, miscellaneous 

piping, engineering, legal, contingencies, and contractor’s overhead and profit; a plastic 

membrane liner can approach 40 percent of construction costs” [32]. In some cases, 

compaction of soils on site will prevent groundwater contamination  and may serve as an 

alternative to a plastic liner. [32] 

Constructed wetlands maintenance and operation costs are known to be fairly low 

[72]. Minimal maintenance and removal of decaying aquatic plants biomass may be 

necessary to prevent stagnant waters, and outflow blockage.  Plant harvesting also insures 

survival of vegetation communities in the intended space within the wetland.  Other 

forms of maintenance include inspecting inlet and outlet structures, removing nuisance 

species, and removing sediment which can block wastewater flow[93]. 

 Operating costs for FWS and VBS constructed wetlands has been estimated to 
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range between $0.10 to $0.30 and $0.04 and $0.08, respectively per 1,000 gallons[61]. 

Figure 17 compares the total costs of treating effluent to an equal standard using a FWS 

constructed wetland and a sequenced batch reactor. FWS wetlands provide equal 

treatment at a much lower cost [32].  

 

 
 

Figure 17 “compares the life cycle costs for this wetland to the cost of a conventional 
sequencing batch reactor (SBR) treatment system designed for the same flow and effluent 
water quality.” [32] 

Wildlife and Constructed Wetlands 

 
 The EPA generally recommends the use of constructed wetlands outside of existing 

natural wetlands as a means of protecting natural systems from contaminated wastewater 

[93] Constructed wetlands are generally designed to limit wildlife entry into the system in 

order to avoid animal contact with wastewater, atleast until water reaches appropriate 

levels of treatment.  Dense stands of vegetation are generally enough to deter most 
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wading birds and other wildlife [32]. Nevertheless, nuisance animal species of are known 

to inhabit constructed wetlands, including muskrats and nutria, which have been known 

to consume emergent vegetation during early stages of construction [32]. Mosquitoes can 

also become a problem if areas of stagnant water are present in the holding basins.  

Maintaining wastewater flow generally eliminates this issue[72]. 

Chapter 5: Integrating Mycoremediation with Constructed Wetlands  
 

            Mycoremediation, coupled with bacterial and phytoremediation strategies within 

constructed wetlands provide a location for the introduction of fungal decomposers.  

Fungi interact synergistically with bacteria and plants in the biodegradation of pollutants 

within constructed wetlands [39]. As fungal mycelia grow throughout substrates, they 

increase available pathways for motile bacteria along their length as depicted in figure 18. 

Bacteria, facilitated by  mycelia have been shown to increase bacterial degradation of 

pollutants [43].    
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Figure 18 The influences of fungal hyphae on the subsurface mobility of bacteria, carbon 
compounds, nutrients and water in soil zones [43]. 

Constructed Wetland Bioremediation of Municipal Wastewater Effluent  

 Within the United States, FWS wetlands have been used for remediating 

municipal wastewater effluent range from small operations, processing about 1,000 

gallons per day to large ones which process up to 20 million gallons per day [32]. While 

some constructed wetlands are designed for tertiary treatment, to enhance effluent that 

has been previously treated to water quality standards, others are designed as a secondary 

treatment in order to bring effluent to a quality which is releasable [61]. 
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Constructed Wetlands and removal of Endocrine Disrupting Compounds (EDC) 

from Wastewater treatment plants (WWTP) 

 
Constructed wetlands have been incorporated as a tertiary step for hormone 

removal from WWTP effluent[66].  The elimination of pharmaceuticals and personal care 

products through FWS constructed wetlands shows similar, or slightly better results then 

through conventional treatments [90]. 

A constructed wetland project was engineered for the treatment of Endocrine 

Disrupting Compounds (EDC) found in the effluent from a Wastewater Treatment Plant 

(WWTP).  These compounds included Triclosan® , various pharmaceuticals, and 

personal care products.  Two cells were tested, one containing Acorus and the other with 

Typha plants.  High removal rates were shown for most of the pollutants tested, 

demonstrating the effectiveness of a constructed wetland for the removal of EDC 

contaminants from WWTP effluent. Results shown in figure 19 [64]. 
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Figure 19 Removal efficiency in the wetland ponds and final effluent for tested 
micropollutants [64]  

 

Mycoremediation of Endocrine Disrupting Compounds: 

 

The lingering presence of EDC in the environment is due to the difficulty 

associated with filtering them, as well as their constant influx into the environment.  The 

use of white-rot fungi in conjunction with other bioremediative organisms to 

bioremediate effluent contaminated with EDC is a promising technology [43].  EDC 

transformation products, created by fungal metabolism show a reduction, or complete 

removal of estrogenic activity [20]. Laccase, extracted from white-rot fungi has been 
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shown to be successful in the complete removal of steroid estrogens in municipal 

wastewater [82]. Laccase producing fungi are known to degrade a variety of EDC 

including bisphenol A, 17α-ethinylestradiol and nonylphenol [43].  

Figure 20 illustrates the result of successful mycoremediation of a variety EDC; 

“The results show that almost all the fungi were able to degrade the tested EDC under the 

used conditions. I .lacteus and P. ostreatus in particular were found to be the most 

efficient EDC degraders” [21].  

Mycoremediation of Triclosan®   

 Triclosan®  is known to accumulate both in WWTP effluent, but is more 

commonly accumulated within the WWTP sludge byproduct, for this reason 

mycoremediation technologies for both effluent and sludge should be implemented.  

Ideally, a reduction in the non-judicious use of Triclosan®  would limit its introduction 

into the environment via WWTP wastewater.   

Fungal  mycelia from Trametes versicolor (Fries) and Pynoporus cinnabarinus 

(Jacq.) were found to effectively transform Triclosan®  into  significantly less cytotoxic 

compounds under laboratory conditions [45]. Enzyme extracts from white-rot fungi,  

Phanerochaete chrysosporium (Burdsall) and T. versicolor, effectively eliminated 

Triclosan®  within 90 minutes [47]. Figure 21 shows the elimination of Triclosan®  using 

laccase extracted from white-rot fungi Coriolopsis polyzona( Ryvarden).  At 150 

minutes, more then 95% of Triclosan®  was degraded by this enzyme [20]. 
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Figure 20 “Detection of EDC ((a) Triclosan® , (b) 4-nonylphenol, (c) nonylphenols, (d) 
bisphenol A, (e) 17α-ethinylestradiol) after biodegradation with the studied fungal 
strains.” [21] 
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Figure 21 “Continuous treatment of a 5 mg l−1 solution (●) BPA and (■) TCS at pH 5 and 
at room temperature using 0.5 mg of laccase from the white rot fungal (WRF) strain 
Coriolopsis polyzona” [20]. 

 
 

In situ Mycoremediation within Aquatic Environments  

             The efficiency of bioretention cells, which function very similarly to constructed 

wetlands, were compared for their ability to remove nutrients and bacterial contaminants, 

including fecal coliform, phosphorus, and nitrogen which contaminated wastewater from 

a confined livestock operation [83].  One cell was inoculated with fungal mycelia that had 

been expanded onto sterilized woodchips for introduction into the bioretention cell; both 

cells contained the same aquatic plants.  

            Fungal species used within the experiment included Pleurotus ostreatus, 

Pleurotus ulmarius(Bull) and Stropharia rugoso-annulata (Farlow).  Mycelia from these 

fungi were grown onto alder wood chips and were used to line the mycoremediation cell.   
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The mycoremediation treatment pond was 24% more effective at reducing fecal coliform 

bacteria then the treatment pond with only plants, nutrient removal was comparable to the 

plant only basin [83].  Although this study was conducted for testing the ability to reduce 

bacterial and nutrient contamination, techniques applied in this example can be extended 

to other bioremediation projects. This study demonstrated a successful integration of  

fungal mycelia into a constructed wetland. Figure 22 shows the layout of the treatment 

cell with fungal mycelia[83].   

 

 

Figure 22: “Cross-Sectional Schematic of the Enhanced, Excavated, Treatment Cell: 
Sand/Organic Material Fill over Perforated Drainage Pipe, Native Plants with Fungal 
Inoculation of Mulch Layer (not to scale)” [83] 
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Figure 23 and Figure 24 illustrate methods in which fungal mycelia can be 

incorporated into a constructed wetland. Placing fungal mycelia into burlap bags filled 

with sterilized substrate is one method for facilitating transportation and application of 

fungal enzymes[77]. Fungal mycelia can be cultivated for mycoremediation applications 

on a wide variety of materials including wood chips, landscaping fabrics, rope,  sawdust, 

cardboard, coconut fibers, woody storm debris, corn stalks and cobs, etc. Many substrates 

suitable for fungal mycelia are often discarded as waste, mycoremediation therefore 

converts waste products into valuable pollutant degrading systems.  

 
Figure 23 In situ aquatic Mycoremediation, burlap bags inoculated with fungal mycelia 
[78] 
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Figure 24 This Figure shows a basic application technique for Mycoremediation [76]. 

 



 

 

56

 

Chapter 6: Conclusions and Future Direction 
 

Wastewater 

  
Since ancient times humans have utilized water to facilitate the transportation of 

wastes, this practice continues within modern urban infrastructure. The use and 

subsequent release of recalcitrant pollutants via WWTP effluent purposes poses a threat 

to water quality. Consumers play a vital role in protecting water quality. Encouraging the 

use of alcohol based sanitizers, or plain soap and water instead of triclosan based 

antibacterial handsoaps would reduce the amount of antibacterial compounds entering 

wastewater. 

The transformation of fresh water into polluted wastewater is a global issue that 

demands implementation of ecologically sustainable management practices.  

Management of wastewater pollution is essential to protecting both environmental as well 

as human health.  Growing human populations will continue to increase demands on 

limited supplies of fresh water. Protecting aquatic environments from human pollution is 

ultimately a form of self-preservation as we are dependant on the availability of clean 

potable water.     

Bioremediation  

The development of sustainable management of environmental contaminants is 

essential to protecting the quality of life on earth. Waste generation and the use of 

chemicals for various purposes threaten the self-regulating capacity of compromised 

environments.  The emphasis on bioremediation which can detoxify contaminants on site 

using living organisms is especially attractive given the cumbersome alternative of 
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relocating pollutants for disposal.  Biologically based remediation technologies are being 

extensively researched to aid in environmental restoration efforts.   

Mycoremediation in Constructed Wetlands 

 
White-rot fungi produce powerful non-specific enzymes, a natural process that 

should be utilized in constructed wetlands in order to improve the conditions of aquatic 

environments. The use of fungi in laboratory settings for the degradation of a variety of 

pollutants has been well demonstrated. The intentional introduction of white-rot fungi in 

constructed wetlands is a promising, yet underutilized technique, which may one day 

serve to improve the quality of wastewater on a large scale.   
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