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1. Introduction 
The past 45 years have seen increasing public concern, media attention and scientific 

study regarding the role of man-made chemicals with the ability to disrupt the normal 

functioning of the endocrine system in humans and wildlife.  Rachel Carson‘s Silent Spring 

(Carson, 1962) was the first publication to raise the awareness in the general public of the 

potential negative effects of man-made chemicals in the environment.  Despite a lack of 

scientific consensus about the extent of the actual impacts of this class of chemicals, there is 

firm agreement and evidence of the potential adverse effects of endocrine disrupting 

compounds on environmental systems and public health.    

An endocrine disrupting compound (EDC) can be described as any exogenous 

compound that causes negative health effects to an organism or its offspring through the 

disruption or alteration of normal endocrine system functioning.  EDCs are often pervasive 

and widely dispersed throughout the environment.  Example sub-groups of known EDCs are 

some current pesticides, largely phased out organochlorine pesticides like DDT, 

polychlorinated compounds, phthalates found in plasticizers, natural hormones produced by 

animals, synthetic steroids found in human contraceptives, and phytoestrogens found in most 

plant material (Filali-Meknassi et al., 2004) (Table 1).  How these chemicals affect organisms 

depends on the environmental concentration of the chemical, the organism in question, the 

other endocrine disrupting chemicals present in the environment, and the developmental 

stage of the organism.  In some cases, even compounds present in small amounts at a critical 

moment in development may impact normal organism functioning.  Due to the complex 
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nature of interactions between endocrine disrupting chemicals and environmental systems, it 

is often difficult to determine the ultimate impacts of EDCs.   

Anthropogenic sources of these chemicals are many and varied, including agriculture 

and livestock operations, a variety of industrial processes, and municipal wastewater 

(Lintelmann et al., 2003) (Table 1).  
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Table 1: Partial listing of major classes of EDCs, sources, and example chemicals. 

Category (example of uses) Examples of sources Examples of chemicals Studies have shown Literature 

Source 

Polychlorinated compounds 

(from industrial production or 

by-products of mostly banned 

substances) 

Incineration, landfill Polychlorinated dioxins, 

polychlorinated biphenyls 

100 percent sex reversal when painted 

on the eggs of male red-eared slider 

turtles 

(Bergeron et 

al, 1994) 

Organochlorine pesticides 

(found in insecticides, many 

now phased out) 

Agricultural  DDT, dieldrin, lindane feminization in male embryos of birds (Fry and 

Toone, 1981) 

BPA is an important 

compound in the 

manufacturing of a variety of 

plastics and plastic products 

Plastics and plastic 

products 

Bisphenol A BPA has been shown to cause increases 

in uterine weight and stimulation of 

prolatin release 

(Steinmetz et 

al., 1997) 

Organotins (found in harbors 

antifoulants used to paint the 

hulls of ships) 

Harbors Tributyltin (TBT) Treatment of the dog whelk with TBT 

at aqueous concentrations of 5 ng/L 

causes imposex. 

(Gibbs et al. 

1988) 

Alkylphenolics (surfactants—

certain kinds of detergents 

used for removing oil—and 

their metabolites) 

Industrial and municipal Nonylphenol Nonylphenol and octophenol induced 

an elevation in plasma VTG at 

threshold concentrations of 10 g/L 

and 3 g/L, respectively and decreased 

the rate of growth of the testis. 

(Routledge 

and Sumpter, 

1997) 

Phthalates  Industrial effluent Dibutyl phthalate, 

butylbenzyl phthalate 

Butyl-benzyl phthalate and di-n-

butylphthalate were found to be weakly 

estrogenic at concentrations between 

10
–4

 M and 10
–6

 M. 

(Jobling et al. 

1995) 

Natural hormones (produced 

naturally by animals)  

Synthetic steroids (found in 

contraceptives) 

Municipal effluent and 

agricultural runoff 

17 ß-estradiol, estrone; 

testosterone, ethynyl 

estradiol, Norethindrone 

In mammals, EE2 administered 

neonatally can induce abnormalities in 

reproductive development in the 

offspring 

(Brown-Grant 

et al., 1975).   

Phytoestrogens (found in plant 

material) 

Pulp-mill effluents, 

biodiesel and soy oil 

refineries  

Isoflavones (genistein, 

daidzein), sterols (β-

sitosterol), coumestans 

(coumersterol) 

See Section 2.6 See Section 

2.6 
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The release of known EDCs into the environment is largely uncontrolled.  For 

example, the US Environmental Protection Agency (EPA) estimated that in 1999 the US 

released 1.2 billions pounds of pesticide active ingredients into the environment, roughly 

4.3 pounds per person (Donaldson et al., 2002).  In fact, the estimated release of pesticide 

active ingredients globally is between five and six billion pounds per year (Aspelin, 

1994).  While all pesticides are not EDCs, Atrazine is one identified EDC pesticide that 

has some 76 million pounds of active ingredient applied each year (EPA, 2006).  Such 

documented releases of EDCs are coupled with studies showing that these compounds are 

present in surface waters.  Kolpin et al. (2002) published a seminal paper measuring the 

concentration of 95 trace pollutants, including some very potent EDCs, in 139 streams 

across 30 states during 1999 and 2000.  The researchers selected sampling sites that were 

susceptible to contamination such as near urban centers or livestock operations. Trace 

pollutants were found in 80% of the streams sampled.  

Studies have implicated EDCs in reducing fertility, decreasing sexual 

development, causing thyroid and adrenal disorders, and increasing the incidence of 

certain cancers in both humans and wildlife (Bern et al., 1991).  Due to the nature of 

chemical cycling, aquatic organisms and ecosystems are particularly at risk.  Studies of 

the feminization of fish, decreased fish sexual activity, male production of vitellogenin 

and even decreased competition, are common (Olsen et al. 2005, Zava et al. 1997).   

The goal of this thesis is to thoroughly investigate the sources of and fate of one 

category of EDCs that has been understudied in the literature: phytoestrogens.  

Phytoestrogens are hormonally-active compounds that are found naturally in plants and at 
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high levels in legumes like soybeans (Liggens et al., 2000).  Therefore, agriculture and 

plant processing operations are potential sources for environmental phytoestrogen 

release, particularly those processes that utilize soybeans. Understanding the sources and 

fate of these compounds is becoming increasingly important in the context of the rapid 

expansion of the biofuels industry.  Nationally, there was a 200 million gallon increase in 

the production of biodiesel and a 1,310 gallon increase in the production of bioethanol 

from 2006-2007 (www.biodeisel.org, www.ethanol.org).  To investigate this potential 

source of phytoestrogen release, two experimental studies were completed: (1) a survey 

of the waste streams of plant-processing industries and associated wastewater treatment 

plants (WWTP) to identify and quantify the sources of environmental phytoestrogen 

discharge; and (2) a bench scale experiment to determine the degradation and removal of 

phytoestrogens in a typical WWTP setting.  The hypothesis of this thesis is that 

phytoestrogens will be present in environmentally relevant concentrations in industries 

that process plants high in phytoestrogens (i.e. soy bean processors).  The second 

hypothesis of the study is that activated sludge processes will prove to have the capacity 

to successfully remove phytoestrogens to below environmentally relevant concentrations.   

http://www.biodeisel.org/
http://www.ethanol.org/
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2. Literature Review 

2.1 Introduction to the endocrine system 

The endocrine system plays a crucial role in short and long term regulation of 

many internal processes in humans and wildlife.  It is primarily responsible for the 

regulation of growth, development and reproduction.  The endocrine system interacts 

with the organisms through chemical messengers called hormones.  Hormones are 

released by glands into the bloodstream and travel to target receptors on cells yielding a 

response.  Endocrine disrupting chemicals disrupt this system of chemical messaging.  

Disorders within the endocrine system can affect many different organs and functions in 

the body and can be debilitating or life-threatening.  Therefore, endocrine disrupting 

chemicals can pose a serious threat.     

2.2 Structures of estrogens and androgens 

There are two types of reproductive hormones that are present in most vertebrate 

species, estrogens and androgens.  Estrogens are female hormones that are released 

primarily by the follicle cells surrounding the oocytes (mature eggs) in the ovary.  

Androgens are male hormones released by Leydig cells that surround the testes.  Within 

organisms there are other steroid-secreting tissues including the adrenal glands, the 

hypothalamus, pineal, pituitary, thyroid, and parathyroid glands.   

Structurally, estrogens and androgens are based on a phenanthrene ring.  

Phenanthrene is a polycyclic aromatic hydrocarbon composed of three fused benzene 

rings and serves as the backbone for steroids.  There are three main naturally occurring 

estrogens in vertebrates: estradiol-17, estrone, and estriol.  The main naturally 

occurring androgens in vertebrates are testosterone and 5-dihydrotestosterone.  In fish, 



7 

 

the main androgen is 11-ketotestosterone.  Figure 1 shows several man-made estrogen 

mimics.  Structures of the main androgens and estrogens in vertebrates are displayed in 

Figure 2.  The structural similarities between natural estrogens and man-made 

compounds that behave in a manner similar to estrogen can be seen in some cases.  

 

 

17β-estradiol 

 

p,p'DDT 

 

PCB diadzein 

4-nonylphenol 

 

coumestrol 
genistein 

 
formononetin 

 
biochanin A 

 
zearalenone 

Figure 1: Structural similarities between natural hormones (17β-estradiol), and 

xenoestrogens and xenoandrogens.  p,p‘DDT is a banned pesticide, PCB is a banned 

industrial chemical where any of the Cls can be substituted with a H, diadzein, 

coumestrol, formonentin, biochanin A, zearalenone, and genistein are natural 

phytoestrogens and 4-nonylphenol is used in detergents. 
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Figure 2: Structures of main natural estrogens and androgens in vertebrates and fish.  

estradiol-17β, estrone, and estriol are the main natural estrogens in mammals, 

testosterone and 5α-dihydrotestosterone are the main androgens in mammals, and 11-

ketotestosterone is the main androgen in fish.  

2.3 Hormone control of sexual development 

Differences in hormonal control of sexual development for different vertebrates 

can be critical when determining the ultimate effect of EDCs.  In all vertebrate species 

estrogens are responsible for the expression and development of female physical 

characteristics, for the reproductive cycles of organisms, and for the fertility of 

organisms.  Androgens, on the other hand, are involved in the expression of male 

physical characteristics and the health and number of sperm.   The amount and timing of 

natural hormones is strictly regulated by the endocrine system.  Even small amounts of 

hormone mimics or natural hormones introduced at the wrong time can have significant 

impacts on reproductive success or sexual development of organisms.  
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Although hormones have similar functions, there are key differences in organisms 

that result in different vertebrates being more or less susceptible to endocrine disruption 

and EDC exposure.  For example, in mammals and birds the process of sex determination 

is controlled by genetics; in some reptiles, sex determination is controlled by 

environmental factors (Johnston, 1995). Sex determination in fish is more complicated 

and is determined by both sex-determining genes and the environment (Conover, 1987).  

In fish, amphibians, and birds, the female sex develops in the presence of estrogen while 

the male sex develops in the absence of estrogen.  Due to this trait, sexual differentiation 

of birds, fish, and amphibians can be easily influenced by the presence of steroidal 

hormones or steroidal hormone mimics (Chang, 1996).  Also, the developmental timing 

of the interference is critical.  For example, it was shown in in vivo studies with rats that 

exposure to the phytoestrogen coumestrol 1 to 5 days after birth caused an increase in 

both uterine wet weight and the expression of the estrogen receptor, while exposure at 

later stages reversed the effects (Medlock et al., 1995).   

 

2.4 Mechanisms of EDC hormone disruption 

There are a variety of mechanisms through which EDCs can interfere with the 

endocrine system.  To date, many identified EDCs bind directly to the nuclear steroid 

receptors.  EDCs that bind to hormone receptors must have a structure that is similar to 

the naturally binding hormone.  In general, EDCs bind to the hormone receptor with 

much weaker affinities (often several orders of magnitude) than the natural hormone 

(Gutendorf and Westendorf, 2001, Pelessaro 1991).  

Direct binding with the hormone receptor leads to two primary mechanisms for 

endocrine system disruption.   In one mechanism an EDC can act as a hormone and bind 
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to the hormone receptor, activate it, and cause an unintended cellular response (Figure 3).   

These are called hormone mimics or agonists.  Another mechanism for endocrine 

disruption is the blocking of normal hormones by EDCs.  This prevents the cellular 

response that was intended when the organism released the natural hormone (Figure 4). 

These are called hormone antagonists.  A common method for determining the 

estrogenicity or androgenicity of a chemical is to measure its ability to bind to the 

receptor from a given organism.  This method cannot, however, distinguish between an 

agonist of antagonist.   

 

Figure 3: EDC binds to the hormone 

receptor and causes unintended cellular 

response.  These types of EDCs are known 

as hormone agonists or mimics.   

 

Figure 4: EDC binds to the hormone 

receptor and blocks the natural hormone 

from binding to the receptor.  These types 

of EDCs are known as hormone 

antagonists.    

  

In addition to acting as hormone agonists of antagonists, EDCs can regulate the endocrine 

system by affecting the metabolism of hormones or the production of hormones by 

secreting tissues.  EDCs can also regulate the endocrine from inside cell tissue by 

disrupting DNA and RNA synthesis.   

2.5 Evidence of EDC effects on wild populations 
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Molluscs are the only major class of invertebrates in which endocrine disruption 

has been studied.  The case of endocrine disruption in mollusks is fairly unique in the 

EDC literature because the cause can be traced back to a single chemical, tributyltin 

(TBT), an antifouling chemical used in paint for the hulls of ships (Minchin et al., 1996).  

In the 1970s, molluscs all throughout Europe, including snails and oysters, began to 

display imposex (the development of male sexual organs by females or vice versa) 

(Tenhallers-tjabbes et al., 1994).  Some researchers found that in populations of mollusc 

(dog whelk), imposex was observed at aqueous concentrations of TBT as low as 1 ng/L 

with complete reproductive shutdown and population collapse occurring at 6 to 8 ng/L 

TBT (Bryan et al., 1986).   

The evidence of EDC effects on reptiles comes from the extensive work done on 

the effects of dicofol on a population of alligators in Lake Apopka in Florida.  Dicofol is 

an organochlorine pesticide that is closely related to the more well-known DDT that 

contains the contaminant o,p‘ DDE.  Dicofol contamination due to a manufacturing plant 

on the lake in 1980 was shown to lead to a significant decline in the numbers of young 

being born in the lake.  Females within the lake were shown to have twice as much 

estradiol in their bloodstreams as those females in a nearby, uncontaminated lake.  

Additionally, males were shown to have abnormally small phalli and have testosterone 

levels that were only 25% of male alligators in the uncontaminated lake (Guillette 1994 

and 1996).   

Evidence has shown that EDCs such as DDT and its metabolites, PCBs, and 

dioxins can cause significant reproductive effects on fish-eating birds such as gulls and 

turns.  Effects of these compounds on birds range from poor shell formation and high 
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chick mortality to growth retardation and developmental deformities (Fry and Toone, 

1981, Tillitt et al 1993, Fry et al. 1987).  One example of this research comes from the 

Great Lakes where high concentrations of DDT were shown to cause extreme shell 

thinning in many different species, including glaucous winged gulls (Larus glaucescens) 

(Fry et al. 1987).  Similar effects from high levels of DDT contamination were evidenced 

in the Baltics on peregrine falcons (Falco peregrinus) and white-tailed sea eagles 

(Haliaeetus albicilla) (Helander et al., 1982). 

EDCs have also been cited as causing reproductive failure in mammals.  In one 

study, researchers found that a high occurrence of uterine occlusions was linked to the 

bodily accumulation of high amounts of organochlorines in Baltic seals (Halichoerus 

Grypus) (Reijnders, 1986).  Similar evidence came from the Wadden Sea where PCB 

accumulation in gray seals correlated with low reproductive success (Reijnders, 1986).  

Similar evidence came from Tillet et al. (1993) and mink.  This work showed that mink 

that were fed PCB-contaminated fish had significant reproductive impairment.    

Aquatic ecosystems serve as carriers for many common EDCs like herbicides, 

pesticides, and EDCs exiting WWTPs.  Therefore, wild fish populations and other 

aquatic species, especially those that come in contact with WWTP effluent, have the 

potential to be exposed to higher levels of EDCs than their terrestrial counterparts 

(Lintelmann et al., 2001).  Studies in the United Kingdom showed that fish downstream 

of WWTPs were at a high risk for endocrine disruption.  One study found up to 5% 

hermaphroditic fish in a population of wild roach (Rutilus rutilius).  Males of this 

population were also observed to produce vitellogenin, a protein that is the precursor to 

the formation of egg yolk (Purbom et al., 1994).  A subsequent study by Harries et al. 
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(1996) demonstrated the widespread nature of endocrine disruption by placing male fish 

in cages downstream of 28 UK WWTPs.  Significant reproductive effects where 

observed in these fish.  Jobling et al. (1998) also documented widespread sexual 

disruption of wild roach.  They found a high incidence of fish intersex throughout the 

United Kingdom.  They concluded that reproductive and developmental effects resulted 

from exposure to ambient levels of chemicals present in typical rivers in the United 

Kingdom.  Similar studies have been conducted throughout the world with similar results 

in the Netherlands, Germany, and Belgium (Gerritsen, 2006). 

To further their findings, Jobling et al. (2006) created a model that attempted to 

correlate sexual disruption in wild populations of the roach to estimate steroid estrogen 

(17β-estradiol, estrone, and 17α-ethinylestradiol) concentrations in 45 sites in the United 

Kingdom.  After the modeling, they sampled male wild roach from the sites and tested 

them for intersex characteristics and plasma vitellogenin.  They found a high correlation 

between the predicted levels of steroid estrogens in the river waters and the incidence of 

intersex characteristics.  They found a less significant correlation for the levels of plasma 

vitellogenin in the fish.  Additionally, they found no correlation between the level of 

industrial effluent entering the study sites and the incidence of intersex and plasma 

vitellogenin.   

Woodling et al. (2006) looked at the occurrence of intersex white suckers 

(Catostomus commersoni) upstream and downstream from WWTPs in Boulder Creek and 

the South Platte River in Colorado.  The flow of both streams was dominated by WWTP 

effluent.  In Boulder Creek, downstream of the WWTP, 83% of the 60 white suckers 

collected were female compared with 45% upstream.  Only female and intersex fishes 
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were collected in the South Platte River downstream of the Denver WWTP in the spring.  

Reproductive effects varied between the two rivers but included gonad deformities, 

delayed follicular maturation, and asynchronous ovarian development. 

A recent study by Vadja et al. (2008) found significant estrogenic effects on the 

white sucker (Catostomus commersoni) population downstream of a WWTP in Boulder, 

CO.  Looking at the white sucker populations from these two sites they found increased 

incidence of gonadal intersex (18-22 % of population downstream, 0% upstream), 

decreased number of males (17-22% downstream compared to 36-46% upstream), 

significantly reduced sperm abundance in downstream males, elevated vitellogenin in 

downstream males, and decreased gonadal size in downstream females.  These results 

were coupled with the presence of EDCs measured at 31 ng/L 17 β-estradiol equivalence. 

Kidd et al. (2007) conducted a 7-year whole lake experiment in the Experimental 

Lakes Area (ELA) in northwestern Ontario, Canada to investigate whether chronic 

exposure to low concentrations of estrogenic compounds can lead to whole population 

impacts.  They studied a population of fathead minnows (Pimephales promelas) and 

exposed the fish to low concentrations (5-6 ng/L) of 17β-ethynylestradiol.  Over the 

seven year study, they found that the estrogenic contamination of the lake lead to a near 

extinction of the species from the lake.  Contamination was found to have led to 

feminization of males, the production of vitellogenin mRNA and protein, impacts on 

gonadal development as evidenced by intersex in males, and altered oogenesis in females.   

Clearly, EDCs in aqueous environments significantly disrupt the reproduction of 

fish populations.  It has been shown that, depending on the nature of the receiving water 

that the effluent is discharged into, the effects of EDC discharge from WWTPs can last 
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for as little as a few hundred meters downstream of the plant or up to many kilometers 

(Harries et al., 1997).   

 

2.6 Phytoestrogens 

Most phytoestrogens belong to the flavonoid chemical group and are structurally 

characterized by substituted phenols.  Within the flavonoids, there are a number of 

groups of compounds that have been shown to be estrogenic.  Coumestans and 

isoflavones have been shown to be the most estrogenically-active classes of compounds 

within the flavonoids.  Phenyl flavonoids, lignans, and mycoestrogens, however, have 

been shown to possess estrogenic characteristics as well.  Figure 5 gives an overview of 

some of the compound classes and chemicals considered to be phytoestrogens.   
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Figure 5: Relationship between various groups of phytoestrogens (in bold) and example 

compounds from each group.  Compounds given in parenthesis are metabolic products 

with estrogenic activity from compounds within the group. Table adapted from Yildiz 

(2006). 

The structural similarities between phytoestrogens and natural estrogens (see 

Figure 2) lead to their ability to act as estrogen mimics.  In particular, isoflavones have a 

number of structural characteristics that make them strong estrogen mimics.  A phenol 

ring, molecular weights similar to those of estradiol (C18H24O2) (MW=272) and often a 

pattern of hydroxylation at the 4,5, and 7 positions are similar to that of estradiol.  The 

distance between the two aromatic hydroxyl groups in the nucleus of isoflavones is also 

identical to the distance between the hydroxyl groups in estradiol, which also results in 

estrogen agonist activity.   

Due to their structural similarities to estradiol, their relatively high estrogenic 

activity, and their abundance in certain plant species, isoflavones are of particular 

concern from an environmental standpoint.  The isoflavones occur in plants in relatively 

high concentration in order of prevalence as genistein, daidzein, gycitein, biochanin A 

(methylated derivative of genistein), and formononetin (methylated derivative of 

daidzein) (Yildiz, 2006).  In general, isoflavones have relatively low molecular weights 

(daidzein MW = 254, genistein MW = 270, biochanin A MW = 284, gycitein MW = 284, 

formononetin MW = 268), have low aqueous solubilities, and, due to the acidic nature of 

the phenolic groups, demonstrate acid-base chemistry.   
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2.6.1 Sources and concentrations of phytoestrogens in plants and foods 

The main sources of isoflavones genistein and daidzein are soy bean plants, soy-

based foods, and beans (Liggins et al., 2000).  Nethertheless, isoflavones have also been 

detected in a variety of other sources.  Liggins et al. (2002) found that many whole grain 

cereals, including whole grain rice and whole grain bread, contained relatively high levels 

of the phytoestrogens genistein and daidzein (Table 2).  In a recent study of animal 

products, Kuhlne et al. (2008) found traces of phytoestrogens in milk and cheese (Table 

2).  A study of different types of beer by Lapcik et al. (1998) found phytoestrogens in 

most of the 26 beers sampled. Table 2 summarizes the concentration ranges of 

phytoestrogens found in a variety of sources.   

Table 2: Reported concentrations of phytoestrogens in various plants and food products 

that are relatively high in phytoestrogens 

Source Concentration Reference 
Soybeans Genistein: 583 x 10

3
 µg/kg wet weight 

Daidzein: 838 x 10
3
 µg/kg wet weight 

Total phytoestrogens: 1,421 x 10
3 
µg/kg wet weight 

Liggins et al., 2000 

Beansprouts Genistein: 2066 µg/kg wet weight 

Daidzein: 3670 µg/kg wet weight 

Total phytoestrogens: 5736 µg/kg wet weight 

Liggins et al., 2000 

Sweatcorn Genistein: 22.8 µg/kg wet weight 

Daidzein: 18.2 µg/kg wet weight 

Total phytoestrogens: 41.0µg/kg wet weight  

Liggins et al., 2000 

Butterbeans Genistein: 305 µg/kg wet weight 

Daidzein: 847 µg/kg wet weight 

Total phytoestrogens: 1152 µg/kg wet weight 

Liggins et al., 2000 

Flour, 

brown 

Genistein: 82 µg/kg wet weight 

Daidzein: 255 µg/kg wet weight 

Total phytoestrogens: 337 µg/kg wet weight 

Liggins et al., 2002 

Bread, 

wholemeal 

Genistein: 3731 µg/kg wet weight 

Daidzein: 4567 µg/kg wet weight 

Total phytoestrogens: 8298 µg/kg wet weight 

Liggins et al., 2002 

Shredded 

wheat cereal  

Genistein: 372 µg/kg wet weight 

Daidzein: 760 µg/kg wet weight 

Total phytoestrogens: 1132 µg/kg wet weight 

Liggins et al., 2002 

Brown rice Genistein: 613 µg/kg wet weight 

Daidzein: 713 µg/kg wet weight 

Total phytoestrogens: 1326 µg/kg wet weight 

Liggins et al., 2002 

Brazil nuts Total phytoestrogens: 88.7 µg/kg (isoflavones, lignans) Kuhnle et al., 2008 B 

Coffee, 

instant 

Total phytoestrogens: 183 µg/kg (isoflavones, lignans) Kuhnle et al., 2008 B 
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Soy infant 

formula 

Total phytoestrogens: 1922 µg/kg (isoflavones, 

lignans, coumestrol) 

Kuhnle et al., 2008 

Soy milk Total phytoestrogens: 931 µg/kg (isoflavones, lignans, 

coumestrol) 

Kuhnle et al., 2008 

Milk, whole Total phytoestrogens: 2.5 µg/kg (isoflavones, lignans, 

coumestrol) 

Kuhnle et al., 2008 

Cheese, 

Wensleydale 

Total phytoestrogens: 5.4 µg/kg (isoflavones, lignans, 

coumestrol) 

Kuhnle et al., 2008 

Beer Total isoflavones (genistein, daidzein, biochanin A, 

and formononetin) 1.26 to 29 nmol/L 

Lapcik et al., 1998 

 

 While the plants or foods containing the highest levels of phytoestrogens are soy 

and soy products, its worth considering the range of plants and foods that these 

compounds are found in when looking for potential phytoestrogen sources to the 

environment.   

2.6.2 The relative estrogenic activity of phytoestrogens 

There are numerous studies that document the ability of phytoestrogens to bind to 

the estrogen receptors of humans and wildlife in vivo and in vitro.  These studies 

generally use comparaitve binding assays such as the Relative Binding Affinity or Yeast 

Estrogen Screen assays.  The results are summarized in Table 3 and 4 below.   

Table 3: Relative binding affinity (RBA) of phytoestrogens compared to 17 B-estradiol 

Study type Trout ER Sturgeon 

ER 

Sheep 

uterine ER 

hER MCF7 

cancer cell lines 

Rabbit 

uterine ER 

ErC 

Rat 

uterine 

Compounds Relative Binding Affinity (17 β-estradiol) 

Formononeti

n  

0.0269 5.00x10
-3

 0.0001 - -  

Daidzein  7.70x10
-4

 6.00x10
-5

 0.0009 - - 0.0009 

Equol  1.30 x10
-3

 6.00x10
-4

 - - - - 

Biochanin A  BDL BDL BDL BDL BDL 0.0007 

Genistein  0.0122 0.023 0.009 0.02 0.006 0.013 

Coumestrol  0.0175 0.035 0.049 0.098 0.014 0.049 

B-Sitosterol - - - - - - 

E2 1 1 1 1 1 1 
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Reference: Latonnelle et al. (2002) Shutt and 

Cox (1972) 

Martin et al. 

(1978) 

Shemesh et 

al. (1972) 

Verdea

l et al. 

(1980) 

 

Study type Vitellogenin 

response 

MVLN cells HGELN 

cells 

Estrogen-

Screen 

Yeast 

Estrogen 

Screen (ER-

α) 

Yeast 

Estrog

en 

Screen 

(ER-β) 

Compounds Relative Binding Affinity (17 β-estradiol) 

Formononetin  BDL - - - - - 

Daidzein  4.07 x 10
-6

 - - - - - 

Equol  7.15 x 10
-5

 - - - - - 

Biochanin A  7.97 x 10
-5

 - - - - - 

Genistein  4.33 x 10
-4

 1.32×10
-4

 8.0×10
-4

 1.3×10
-5

 1.0×10
-4

 0.032 

Coumestrol  2.21 x 10
-3

 1.25×10
-4

 1.0×10
-3

 1.1×10
-4

 1.17×10
-3

 0.022 

B-Sitosterol NA 1.0×10
-4

 7.3×10
-4

 9.6×10
-5

 8.75×10
-4

 0.016 

E2 1 1 1 1 1 1 

Reference: Pelissero et al. (1991) Gutendorf and Westendorf (2001) 

 

BDL = below method detection limit 

―-― = method did not test for RBA of this compound  

ER = estrogen receptor 

 

Table 4: Average relative binding affinity (RBA) compared to 17 β-estradiol averaged 

for all studies and assay types for common phytoestrogens  

Compound Times less potent than 

17 β-estradiol 

Formononetin  93.7 

Daidzein  1890 

Equol  1520 

Biochanin A  
1420 

Genistein  
94.6 

Coumestrol  
38.3 

B-Sitosterol 280 

Average all phytoE 765 

 

 Table 4 gives an average value for the binding efficiency of phytoestrogens over 

all studies and species.  Generally, coumestrol was shown to have the strongest binding to 

the E2 receptor with formononetin, genistein, B-sitosterol, biochanin-A, equol, and 
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daidzein having decreasing binding efficiencies.  This calculation has strong implications 

for which compounds should be identified as potential environmental contaminants.     

2.6.3 Evidence of Phytoestrogen-caused endocrine disruption 

 Phytoestrogens, due to their relatively low estrogenic activity, have gone 

understudied in the literature as potential contributors to endocrine disruption.  Here the 

available evidence for phytoestrogens as EDCs is shown.   

Clotfelter and Rodriguez (2006) investigated the behavioral effects of 

phytoestrogen contamination on the male fighting fish, Betta splendens.  Their results 

showed that the presence of the phytoestrogens genistein, β-sitosterol, and equol 

decreased the intensity of the fish‘s aggressive behavior, suggesting that phytoestrogen 

contamination has the potential to impact the behavior of free living fishes.  Interestingly, 

the results showed the most significant impact for decreased aggression for genistein was 

in the 1 µg/L treatment with the 1000 µg/L treatment also significantly decreasing 

aggressive behavior.  β-sitosterol showed a pattern similar to that of genistein.  

Ardia and Coltfelter (2006) investigated effect of phytoestrogen contamination on 

the immune systems of fighting fish.  The researchers used a novel application of a 

standard immunological technique through which mitogenic T-cell proliferation is 

measured in response to phytohaemagglutinin (PHA) injections.  The results showed that 

in all conditions tested the immune response systems of the phytoestrogen-exposed fish 

were significantly depressed compared to baseline readings.   

Pelissero et al. (1996) investigated the possibility of inhibitory effects of 

flavonoids on ovarian aromatase activity in rainbow trout (Oncorhynchus mykiss).  The 

two phytoestrogens in the study, biochanin A and genistein, were found to inhibit 
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aromatase activity slightly.  Formononetin, daidzein, coumestrol did not inhibit 

aromatase activity at doses up to 1000 pM.   

β-sitosterol was shown to alter reproductive hormone production in male and 

female goldfish (MacLatchy and Van der Kraak, 1995).  The study injected goldfish with 

β-sitosterol and assessed the response of reproductive functions.  Specifically, they 

investigated the effects of β-sitosterol injection on ganodotrophin (GtH-II) and steroid 

levels and ovarian and testicular steroid synthesis capacity.  Results showed that β-

sitosterol injections significantly decreased the testosterone (T) and 11-ketotestosterone 

(11-KT) levels and increased the GtH-II levels in male fish and significantly decreased 

the levels of T and 17 β-estradiol in female fish.  The researchers concluded that these 

findings were due to a decrease in gonadal steroid biosynthetic capacity, which in turn 

may be related to altered cholesterol availability due to the reduction of activity of the 

side chain cleavage enzyme P450SCC. 

Mellanen (1996) investigated the effect that a variety of plant-derived compounds 

had on the expression of the vitellogenin gene in the liver of juvenile rainbow trout.  

They found of that of the 11 compounds tested, β-sitosterol, the only phytoestrogen, had 

the only strong positive response for vitellogenin gene expression in the fish.   

Kiparissis (2003) investigated the effects of genistein and equol on the gonadal 

development of the Japanese Medaka (Oryzias latipes).  Exposure to the two 

phytoestrogens resulted in incidence of gonadal intersex fish.  The equol treatment 

showed the highest incidence of gonadal intersex in males, with 10% intersex in the 0.4 

µg/L treatment and 87% in the 0.8 µg/L treatment.  Genistein also initiated gonadal 

intersex in males at the highest treatment level showing 12% intersex males at 1000 µg/L 
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genistein. In female Medaka, both genistein and equol caused dose-dependent alterations 

in sexual characteristics.  Ovaries of the female Medaka showed delayed oocyte 

maturation, atretic oocytes, enlarged ovarian lumen, proliferation of somatic stromal 

tissue and primordial germ cells.  Both genistein and equol caused alterations in external 

physical sexual characteristics.  In treatments of 1000 µg/L genistein, 72% of male 

Medaka showed feminized sexual characteristics.   

Zhang et al. (2002) looked at the estrogenic effects of genistein on the endocrine 

function of adult Japanese Medaka relative to the effects of 17β-estradiol.  They found 

that vitellogenin production was not induced by genistein, even at the highest 

concentration injection.  In contrast, genistein treatments of 750 and 30,000 ng caused a 

greater increase in estradiol production in female ovaries than the 17β-estradiol 

treatments.  In males, the genistein treatment resulted in decreased testosterone 

production. 

Gontier-Latonnelle et al. (2007) investigated the disposition of genistein in two 

different fish species, the Siberian sturgeon (Acipenser baeri) and rainbow trout.  Both 

species were fed chronic amounts of radio-labeled genistein over the course of the 

experiment.  It was found that the levels of genistein in the plasma were 15.6 times higher 

in the sturgeon than in the trout after ingestion.  They showed that the trout was able to 

excrete the genistein faster than the sturgeon.  Neither species showed bioaccumulation 

of genistein.  Also, the sturgeon was 50 times more sensitive to genistein in terms of 

vitellogenin production than the trout.  These results suggest that different species in 

contact with the same aqueous concentration of isoflavones could have different 

responses.  
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A study by Ng (2006) found that genistein, daidzein, and glycitin inhibited 

estrogen metabolism in salmonid fish.  They found that E2 metabolism was inhibited in 

the kidney and the liver of the Atlantic salmon (Salmo salar) and rainbow trout 

(Oncorhynchus mykiss) and in the liver of the lake trout with high doses of genistein (1 

and 10 µM).  They also found inhibition effects in the liver of the rainbow trout when 

administered at 1 mM daidzein, glycitein, and a mix of genistein, daidzein and glyciein.  

Their results suggested that the presence of phytoestrogens, in particular isoflavones, can 

inhibit natural estrogen metabolism in salmonid fish at concentrations of 1 to 10 µM.   

 It is clear that phytoestrogens can have varied effects on fish over a range of 

concentrations (i.e. >1 µg/L total phytoestrogens).  If these compounds are released to 

surface waters at these concentrations, serious impacts could occur.   

2.6.4 Bridging the gap between in vivo and in vitro studies 

Unfortunately, there are few studies that investigate the effects of aqueous 

concentrations of phytoestrogens on specific fish species, making it difficult to determine 

the absolute threshold where phytoestrogens would be environmentally harmful.  One 

can, however, attempt to estimate such a threshold based on best guess and literature 

values.  Thorpe et al. (2003) investigated vitellogenin induction as a result of 17 β-

estradiol exposure in juvenile rainbow trout.  Median effective in vivo concentrations for 

17 β-estradiol for juvenile rainbow trout were determined to be between 19 and 26 ng/L.  

This information, taken together with laboratory studies presented in Table 5 can be used 

to generate information on a theoretical environmental threshold above which 

physiological effects on fish could be observed (Table 5).   
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Table 5: Calculation for theoretical environmental threshold based on the average 

relative binding affinity compared to 17 β-estradiol for common phytoestrogens and on 

median effective aqueous concentrations for 17 β-estradiol as reported in Thorpe et al. 

(2003).   

Compound Average binding 

affinity relative to  

17 β-estradiol 

Times less 

potent than 

17 β-estradiol 

Theoretical 

environmental 

threshold (ng/L) 

Literature source 

Formononetin  0.010667 37.1 706 Latonnelle et al. (2002) 

Daidzein  0.000527 1,290 24,600 Latonnelle et al. (2002) 

Equol  0.000657 769 14,600 Latonnelle et al. (2002) 

Biochanin A  
0.0007 1428 27,100 

Average, all studies 

Genistein  
0.010568 81.9 1,550 

Latonnelle et al. (2002) 

Coumestrol  
0.026082 57.1 1,080 

Latonnelle et al. (2002) 

B-Sitosterol 0.00356 280.8 5,330 Average all studies 

Average 0.007537 765.1 14,500 Average all studies 

 

From this table it can be seen that the average phytoestrogen theoretical threshold 

would be 14.5 µg/L.  The theoretical threshold for genistein is lower, however (1.5 µg/L).  

Because genistein is so abundant in plants (Table 2), it is suggested that a more viable 

theoretical environmental threshold where phytoestrogens should be considered 

contaminants is 1.5 µg/L.   

To further complicate the delineation of a ―phytoestrogen threshold‖, there is 

strong evidence that EDCs can act in an additive fashion.  Thorpe (2003) looked at the 

combined and singular effects of three steroidal estrogens (17β-estradiol, estrone, and 

ethynylestradiol) using a juvenile rainbow trout screening assay.  They calculated the 

estrogenic potencies for each steroid and found that mixture effects could be calculated 

using a model of concentration addition based on the activity of the individual chemicals.  

It was also shown that the mixtures could initiate a response, even when the 
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concentrations of the compounds alone were too low to illicit an effect.  Brian et al. 

(2005) investigated the additive effects of five known estrogenic compounds.  The 

mixture contained estradiol, ethynylestradiol, nonylphenol, octylphenol, and bisphenol A.  

The responses for each chemical were determined individually and then collectively as a 

mixture. Their results supported those of Thorpe (2003), showing that the estrogenic 

potencies of compounds in mixtures work in an additive manner.  An additional study 

from Brian et al. (2007) upheld and expanded on their initial study, finding that 

estrogenic compound mixtures had significant effects on fish fitness and fecundity.  

Indeed, when looking at the environmental discharge of EDCs from WWTPs, mixture 

effects cannot be ignored due to the vast array of chemicals that pass through WWTPs.   

2.6.5 Sources of Phytoestrogens  

 In addition to studies where the effects of phytoestrogens were investigated, there 

has been some work on identifying phytoestrogens from various sources.  Those studies 

and their findings are summarized below (Table 6). 

Table 6: Phytoestrogen concentrations in various water samples 

Source Compound Average Conc.  

(ng / L) 

Range 

(ng / L) 

Reference 

WWTP Effluent Genistein 6.72, n=18 >2.7 to 38 Spengler et al., 2001 

 Genistein 17.4, n=5 2.7–38.1 H. Robakowski, 2000* 

 β-sitosterol NA Up to 402 Stahlschmidt-Allner et al., 

1997* 

 β-sitosterol 1,050, n=18 >10 to 2,800 Spengler et al., 2001 

 β-sitosterol 519, n=53 25-7,105 Stumpf et al., 1996 

 Daidzein 10, n=1 NA Pawlowski et al, 2003 

Surface waters β-sitosterol 319, n =110 37-1,405 Stumpf et al., 1996 

 Genistein NA 300-1,400 Ternes et al., 2001* 

 Daidzein NA BDT – 17.4 Ternes et al., 2001* 

Wood pulp mill 

effluent 

Genistein 1,310, n=1 NA Kiparissis et al., 2001 

 Total sterols NA 7.10 x 10
4
 to 

2.75 x 10
5
 

Cook et al., 1997 

 Total sterols  1.56 x 10
5
, n=2 1.39 x 10

5
 to 

1.72 x 10
5
 

Mahmood-Khan and Hall 

(2003) 

*As reported by Lintelmann et al (2003) 
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NA= not available 

 

In a more exhaustive study, Bacaloni et al. 2004 used liquid chromatography- 

electrospray ionisation-mass spectrometric (LC-ESI-MS/MS) to determine concentrations 

of isoflavones and coumestrol in river water and domestic WWTP influents and effluents 

near Rome, Italy.  They measured concentrations of 9 phytoestrogens in river water and 

the influent and effluent of 2 different WWTPs (Table 7).  The mean phytoestrogen 

concentrations in the WWTP influent were 967 and 1033 ng/L for the two plants, with 

total mean effluent values of 117 and 24 ng/L.  The total mean phytoestrogen content of 

the river was 13 ng/L.    

Table 7: Measured concentrations of 9 phytoestrogens in river water and the influent and 

effluent of 2 different WWTPs 

Compounds 

River 

(Tiber) WWTP 1  WWTP 2  

(ng/L) 

Influent 

(ng/L) 

Effluent 

(ng/L) 

Removal 

(%) 

Influent 

(ng/L) 

Effluent 

(ng/L) 

Removal 

(%) 

Daidzin – 32 10 69 33 – 100 

Genistin – 35 12 66 39 – 100 

4’6,7-
Trihydroxy-

isoflavone 1 12 7 41 5 – 100 

Daidzein 2 454 54 88 372 7 98 

Glycitein 4 13 5 62 17 2 88 

Genistein 4 394 12 97 548 14 97 

Formononetin – – – – n.d. – – 

Coumestrol 1 15 10 66 10 – 100 

Biochanin-A 1 21 7 67 9 1 90 

Total  13 967 117 70 1033 24 97 

n.d. = not detectable 

Bacaloni et al., 2004 
 

Despite their presence in surface waters and WWTPs, little work has been 

performed on identifying additional sources of phytoestrogen discharge to surface waters.  

Indeed, only one type of industry, pulp and paper, has been identified as a phytoestrogen 
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point source.  Hewitt et al. (2006) presents a thorough review on the sources and 

characteristics of pulp and paper mill effluents.  Effluents contain a high amount of 

wood-derived compounds such as terpenes, sterols, phytosterols, phytoestrogens, lignins, 

and lignin phenolic residuals.  Phytoestrogens and phytosterols, due to their estrogenic 

activity, have been suggested to be a major contributor of the estrogenicity associated 

with pulp and paper mill waste (Hewitt et al., 2006).  Cook et al. (1997) reported levels of 

4 phytosterols (campesterol, atigmasterol, β-sitosterol, and atimastanol) from 22 US pulp 

and paper mills.  Average concentrations for the sterols in the 22 mills surveyed were 

0.548 g/ton campesterol, 0.87 g/ton stigmasterol, 6.345 g/ton β-sitosterol, 1.41 g/ton 

stimastanol, with total sterols averaging 9.173 g/ton.  In a similar study, Mahmood-Khan 

and Hall (2003) investigated the occurrence of phytosterols in the final effluents of two 

pulp and paper mill effluents.  They found average total phytosterols over the two mills at 

a level of 156 μg/L with concentrations for individual phytosterols of 15.5 μg/L 

ergosterol, 44 μg/L campesterol, 19 μg/L stigmasterol, 27 μg/L β-sitosterol, and β-29.5 

μg/L sitostanol.   Isoflavones have also been identified in pulp and paper effluent.  

Kiparissis et al. (2001) used LC/MS to identify and quantify genistein at levels of 13.1 

μg/L in the pulp and paper mill influent and 10.1 μg/L in the mill effluent.   

Many researchers have found fish associated with mill effluents to have startling 

developmental and reproductive impairments.  An extensive study by Andersson et al. 

(1988) examined the physiological and biochemical changes in perch (Perca flavescens) 

living near pulp and paper mills.  The results showed alterations in both biochemical and 

physiological functions, ranging from reduced gonad growth, enlarged liver, induction of 

cytochrorne P-450-dependent enzyme activities in the liver, elevated levels of ascorbic 
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acid in liver tissue, abnormal carbohydrate metabolism, and effects on the white blood 

cell pattern, indicating immune system suppression. Other studies such as those 

performed by Park et al. (2001) and Sandström and Neuman (2003) have evidenced 

masculanization of female fish and long-term developmental disorders in fish as a result 

of their proximity to pulp and paper mill effluents.   

2.6.6 Removal of phytoestrogens in WWTP processes 

 The one area where the biodegradation of phytoestrogens has been studied 

extensively is in its application for the treatment of pulp and paper mill effluents.  In 

Canada, regulation was passed in 1992 that required pulp and paper mills to reduce their 

effluent BOD by 90% and pass an acute lethal toxicity test on rainbow trout and Daphnia 

magna through the installation of biotreatment systems (Scroggins et al., 2002).  After 

these regulations were passed in an effort to mitigate the effects of mill effluents on fish 

communities, there were a suite of field studies performed to test the effect.  Kovacs et al. 

(2002) found marked improvement in the community structure of fish associated with 

Canadian pulp and paper mill effluents, based on the index of biotic integrity (IBI), after 

the installation of biotreatment processes.  Munkittrick et al. (1997, 1998) reviewed data 

collected from North American and Swedish field studies over a 10-year period during 

which biotreatment in pulp and paper mills was installed.  After reviewing evidence in 

both cases, the authors concluded that there were noticeable improvements in fish 

populations, but some reproductive dysfunctions persisted.  In the Swedish studies, the 

authors noted improvements in levels of plasma steroids and a normalization of gonad 

size that was not seen before the installation of biotreatment.  In the laboratory, the 

hatchability of brown trout (Salmo trutta) eggs improved when adults where exposed to 
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biotreated effluent (anaerobic and aerobic) as opposed to untreated effluent.  The same 

study also found that both the treated and untreated effluents caused similar alterations in 

hormone levels in both male and female brown trout (Johnsen et al., 2000).  In another 

study, female fish exposed to treated and untreated mill effluents showed decreased 

physical signs of masculinization after treatment, although the same signs of 

masculinization were present in females exposed to the treated effluent to a lesser extent 

(Ellis et al., 2003).  Hewitt et al. (2008) found that untreated mill effluents significantly 

affected egg production, fertilization, number of spawning events, egg hatchability, and 

steroid levels in fathead minnows.  Treated effluents did not cause any of negative 

reproductive effects that had been observed with the untreated effluents. 

 Nethertheless, there have been studies in which no clear benefit of biotreatment of 

pulp and paper mill effluent was observed.  In one such study (as reported in Hewitt et al. 

2008), goldfish were exposed to 10% pulp and paper mill effluent before and after 

biotreament.  In the before treatment, the effluent had no effect on the production of 

testosterone and 11-ketotestosterone by male gonads, but did cause fish mortality.  In 

contrast, the effluent tested after biotreatment showed no fish mortality; at the 10% 

effluent mixture, however, there was a significant decrease in testosterone levels in male 

gonads and in levels of steroids in the blood.  In another study (Dube et al., 2002), plasma 

testosterone levels in male and female mummichog (Fundulus heteroclitus) were reduced 

by both primary treated and biotreated effluents from a bleached kraft mill, with the 

reduction being greater from the biotreated effluent than the primary treated effluent.  

Finally, guppies (Poecilia reticulata) were exposed to bleached kraft mill effluent before 
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and after biotreatment.  Evidence of development of masculine traits was observed 

regardless of biotreatment (Larsson et al., 2002).   

 Based on the body of evidence, the role of biotreatment in reducing the effects of 

EDCs from pulp and paper mills is unclear.  Some data suggests clear benefits, while 

other studies show mixed results or no benefit.  One possible explanation for these mixed 

results is the production of breakdown products from the primary phytoestrogens. Many 

bacterial processes only partially degrade organic compounds and in some cases this can 

result in the production of compounds that have similar or even greater endocrine 

disruption capacity than the parent compound.  Although it is not clear whether this is 

occurring, more detailed studies should be conducted to clarify these contradictory data.   

2.7 Summary 

Man-made EDCs are currently in the environment causing negative effects on wildlife 

and ecosystems (Minchin et al., 1996; Tenhallers-tjabbes et al., 1994; Bryan et al., 1986; 

Guillette 1994 and 1996; Fry and Toone, 1981; Tillitt et al., 1993; Fry et al. 1987; 

Helander et al.; 1982 Reijnders, 1986; Lintelmann et al., 2001; Gerritsen, 2006; 

Woodling et al., 2006; Vadja et al., 2008).  The literature surrounding EDCs in water and 

wastewater has not focused on phytoestrogens as potential contributors due to their 

relatively low potencies compared to stronger estrogen mimics like bisphenol A and 

nonylphenol.  However, due to their high natural abundance in agriculturally and 

industrially processed plant species, there is a potential for environmentally relevant 

amounts of these compounds to reach surface waters if not properly treated.  This 

potential for release is combined with studies showing the negative effects of these 

compounds on wildlife.  Despite these facts, little research has been done on locating 
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industrial sources of phytoestrogens or on how to best remove these compounds in 

WWTP processes. Clearly, more detailed research is needed to understand the sources of 

phytoestrogens in industrial processes and on best practices for their removal once these 

compounds reach WWTPs.   

 

3. Quantification of phytoestrogens in industrial waste streams 
 

Note: this paper was a joint collaboration between Mark Stephen Lundgren and Paige 

Jennifer Novak and has been accepted for publication in Environmental Toxicology and 

Chemistry.  Mark Lundgren was responsible for the laboratory work and writing of the 

manuscript.  Paige Novak revised the manuscript, added intellectual value, and supported 

the laboratory work.    

 

Abstract - Chemical compounds, including plant-based phytoestrogens, can function as 

hormone mimics and alter endocrine signaling in wildlife.  In the present study, the waste 

streams from nineteen plant-processing industries, including biofuel manufacturers, were 

sampled and analyzed for the phytoestrogens genistein, diadzein, coumestrol, 

formononetin, biochanin-A, and zearelenone, via liquid chromatography/mass 

spectrometry.  Eight of these industries contained phytoestrogens at environmentally-

relevant levels (≥1000 ng/L), with the highest at about 250,000 ng/L.  The influent and 

effluent streams of three municipal wastewater treatment plants receiving flow from 

some of these industries were also sampled and analyzed for the same phytoestrogens.  It 

appeared that aerobic biological treatment, such as activated sludge, was able to remove 

these compounds from the liquid stream.  Nevertheless, the effluent stream from one of 
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the wastewater treatment plants had a phytoestrogen concentration above 1000 ng/L.  Our 

results indicate the need for caution when designing facilities to treat the effluents from 

biofuel and other plant-processing industries.   

 

Keywords: Phytoestrogens, Biodiesel, Biofuels, Plant-processing industries, Genistein  

INTRODUCTION  

It is well-documented that a large variety of chemical compounds can function as 

hormone mimics when released into the environment, altering natural endocrine signaling 

in wildlife (Tyler et al., 1998).  Phytoestrogens, natural plant-derived estrogen mimics, 

have the ability to disrupt the endocrine system as well (Lintelmann et al., 2003).  

Phytoestrogen exposure has been shown to affect reproductive processes in many 

different species ranging from mice (Jefferson et al., 2007) to fish (Kiparissis et al., 

2003).  In particular, effects on fish are of concern as phytoestrogens may be discharged 

to surface waters.  In fact, studies have shown that phytoestrogens can lead to 

vitellogenin gene expression (Mellanen et al., 1996), immunosuppression (Ardia et al., 

2006), and decreases in testosterone production (Zhang et al., 2007) and the intensity of 

aggressive behavior (Clotfelter and Rodriguez, 2006) in fish (Table 8).   
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Table 8: Summary of effects of phytoestrogens on aquatic organisms 

Study description Phytoestrogens Conc. range Species Main effects noted References 

Behavioral effects of 

phytoestrogens 

Genistein, 

equol, β-

sitosterol 

1-1000 μg/L 

(aqueous) 

Fighting Fish 

(Betta splendens) 

Decreased aggressive behavior Clotfelter and 

Rodriguez (2006) 

Morphological and sexual 

characteristics of fish 

exposed to plant sterols 

β-sitosterol, 

stigmasterol 

NA Mosquito fish 

(Gambusia affinis) 

Females developed male-like gonopodia and 

other physical characteristics  

Denton et al., 

1985 

Effects of in vivo implants 

of β -sitosterol  

β-sitosterol 150 μg/g 

(implanted) 

Male goldfish 

(Carassius auratus) 

Impeded cholesterol transfer across the 

mitochondrial membrane 

Leusch and 

MacLatchy, 2003 

Assessment of  

immunosuppressive effects 

of phytoestrogens 

β-sitosterol, 

genistein, equol 

1,000 μg/L 

(aqueous) 

Fighting Fish Immune system responses significantly 

decreased after exposure to all three 

compounds 

Ardia et al., 2006 

Estrogenic activity of 

injected phytoestrogens  

Daidzein, 

genistein, 

biochanin A 

0.05-0.5 mg/g 

(injected) 

Siberian sturgeon 

(Acipenser 

Baeri) 

Vitellogenin induction in response to 

phytoestrogen injection 

Pelissero et al., 

1991 

Inhibitory effects of 

phytoestrogens on ovarian 

aromatast activity 

Genistein, 

biochanin A 

IC50 reached 

at 731 – 3500 

μM  

Rainbow trout 

(Oncorhynchus 

mykiss) 

Phytoestrogens inhibited aromatast activity 

slightly 

Pelissero et al. 

1996 

Effects of β-sitosterol 

injection on ganodotrophin 

and steroid levels and 

steroid synthesis capacity 

β-sitosterol 10 to 100 

μg/g 

(injected) 

Male goldfish  Decreased testosterone and 11-

ketotestosterone levels and increased GtH-II 

levels in male fish; decreased levels of T and 

17 β-estradiol in female fish 

MacLatchy and 

Van Der Kraak, 

1995 

Effects of genistein and 

equol on gonadal 

development 

Genistein, equol 0.4 to 1000 

µg/L 

(aqueous) 

Japanese Medaka 

(Oryzias latipes) 

Both sexes showed gonadal intersex and 

alterations in external physical sexual 

characteristics 

Kiparissis et al., 

2003 

Effects of genistein 

injection on endocrine 

function 

Genistein 75, 750, and 

30,000 ng / 

fish (injected) 

Japanese Medaka  Increased estradiol production in female 

ovaries, decreased testosterone production in 

males 

Zhang et al., 2006 

Relative binding affinity 

study on estrogen receptors 

for two fish 

Daidzein, 

genistein, 

equol, 

coumestrol, 

formononetin 

DC50 reached 

at 260 to 

9,050 nM 

(organ 

applied) 

Siberian sturgeon, 

Rainbow trout  

Phytoestrogens shown to compete for the 

estrogen receptor of both fish species 

Latonnelle et al., 

2002 
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Regretfully, no studies to date have been performed to determine the absolute 

aqueous concentration of phytoestrogens where one would expect to see negative 

physiological impacts on aquatic organisms.  Thus, a potential environmental threshold 

must be estimated based on existing research.  Thorpe et al. (2003) investigated 

vitellogenin induction as a result of estradiol-17β (E2) exposure in juvenile rainbow trout.  

Median effective concentrations for E2 were between 19 and 26 ng/L.  Latonnelle et al. 

(2002) investigated the relative binding affinity of various estrogens, including E2, 

genistein, daidzein, coumestrol, formononetin and biochanin-A, to the estrogen receptor 

in rainbow trout.  Genistein was found to bind 81.9 times less-readily than E2.  One can 

therefore estimate that an aqueous genistein concentration of 1.56 μg/L to 2.14 μg/L 

could induce vitellogenin production in rainbow trout (Thorpe et al., 2003; Latonnelle et 

al., 2002).  Similar calculations can be made for daidzein (24.6 to 33.8 μg/L), coumestrol 

(1.08 to 1.49 μg/L), formononetin (0.71 to 0.97 μg/L), and biochanin-A (271 to 371 

μg/L).  Complicating the relationship between concentration and effect, however, is 

evidence that phytoestrogens have differing binding affinities for the estrogen receptors 

of different fish species.  One study of trout and sturgeon estrogen receptors showed that 

the relative binding affinity for five phytoestrogens varied and the difference among the 

compounds was as great as a factor of 12 (Latonnelle et al., 2002), yet in terms of 

vitellogenin production, sturgeon were 50 times more sensitive to genistein than trout 

(Gontier-Latonnelle et al., 2007).  Combination effects of estrogenic compounds are also 

well documented (Thorpe et al., 2003; Brian et al., 2007) and indicate that different 

estrogenic compounds can work in an additive fashion when disrupting endocrine 

function from the same mechanism (e.g. receptor binding).  Regardless of the inherent 
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difficulties in determining a concentration threshold for phytoestrogens over which 

negative effects may be observed, current research suggests that 1 μg/L total 

phytoestrogens could cause physiological impacts on fish (Gontier-Latonnelle et al., 

2007; Thorpe et al., 2003). 

Despite evidence of their estrogenic effects on aquatic organisms, little work has 

been performed on identifying point sources of phytoestrogen discharge to surface 

waters.  Indeed, only one type of industry, pulp and paper, has been identified as a 

phytoestrogen point source.  Pulp and paper mills have been shown to have high levels of 

isoflavones and phytosterols in their final effluent, with genistein concentrations as high 

as 13.1 µg/L (Kiparissis et al., 2001).  Fish associated with mill effluents have also shown 

startling developmental and reproductive impairments (Andersson et al., 1988; Hewitt et 

al., 2008; McMaster et al., 2006; Parks et al., 2001; Sandström and Neuman, 2003).  

Nevertheless, pulp and paper mills are only one of many sources of industrial plant-

processing waste.  In particular, industries that use soy products are of interest (i.e. 

biodeisel, soy-based foods), as soy is known to contain the highest levels of 

phytoestrogens (1x10
7
 µg/kg) (Liggins et al., 2000) of any plant.  In addition, no work 

has been conducted on understanding the fate of these compounds in wastewater 

treatment plants (WWTPs), despite the fact that fish populations downstream of WWTPs 

have been shown to exhibit increased incidence of intersex and other reproductive 

dysfunctions (Vajda et al., 2008; Woodling et al., 2006; Tyler and Routledge et al., 1998; 

Jobling et al., 1998).   

There is therefore a need to understand both the industrial sources of phytoestrogens 

and their removal in wastewater processes, particularly as we work to rapidly expand our 
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national biofuel production capacity.  To address this, we investigated the waste streams 

of nineteen plant-processing industries and three WWTPs from locations in the 

midwestern United States.  Samples of industrial and municipal waste streams were 

analyzed using liquid-chromatography/electrospray ionization-mass spectrometry 

(LC/ESI-MS) for the presence of the phytoestrogens genistein, daidzein, coumestrol, 

formononetin, biochanin-A, and zearalenone.  Genistein and daidzein are the most 

abundant phytoestrogens in plants (Liggens et al., 2000).  Formononetin is a byproduct of 

daidzein degradation and biochanin-A is a byproduct of genistein degradation (Yildiz, 

2006).  Zearalenone is a mycotoxin known to be associated with corn (Zinedine et al., 

2007).  Coumestorol is the isoflavone known to bind most readily to the E2 receptor 

(Table 5).   

MATERIALS AND METHODS 

Chemicals and solvents 

Genistein, daidzein, coumestrol, formononetin, biochanin-A, and zearalenone were 

purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA).  Deuterated genistein, used 

as an internal standard, was purchased from Cambridge Isotope Laboratories, Inc 

(Andover, MA, USA).  Hexanes and methanol were manufactured by Honeywell, 

Burdick & Jackson (Muskegon, MI, USA) and purchased from Fisher Scientific 

(Pittsburg, PA, USA).   

Sample Collection 

Samples were collected from Oct, 2007 to June, 2008.  Five-liter industrial effluent 

samples were collected in clear plastic containers that had been rinsed three times with 

deionized water.  Samples were shipped to us on ice, with the exception of the soy milk 
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and biodiesel 1 samples, which were shipped overnight without ice.  Samples were stored 

for up to one week in a cold room at 1ºC before processing.  For the WWTP samples, 

five-liters were collected (grab samples) from the influent and final effluent of each plant 

and handled in the same manner as the industrial samples.  A description of sample 

locations is given in Table 9.    

Table 9: Description of cities, WWTPs, and sample locations 

Sample Description 

Biodiesel 1, Process 1 Biodiesel refinery, concentrated effluent 

Biodiesel 1, Process 2 Biodiesel refinery, raw final effluent 

Ethanol Plant Influent Ethanol refinery effluent, pre-onsite treatment 

Ethanol Plant Effluent Ethanol refinery effluent, post-onsite aerobic biological treatment  

Biodeisel 2, 24 hour Biodiesel refinery effluent, 24 hour composite sample 

Biodeisel 2, grab Biodiesel refinery effluent, grab sample 

Soy Oil Soy oil refinery effluent 

Bean Processing Canned bean chili processor effluent 

Soy Milk Soy milk manufacturer effluent 

Dairy 1 Milk, yogurt manufacturing effluent 

Dairy 2 Milk only manufacturing effluent 

Dairy 3 Milk, yogurt manufacturing effluent 

Brewery 1 Beer brewery effluent 

Brewery 2 Beer brewery effluent 

Soda Bottling Soda bottling plant effluent  

Asian Foods Manufacturer of packaged Asian noodles effluent 

BBQ Meat Manufacturer of packaged, precooked barbequed meats, effluent 

Airline Foods Manufacturer of prepackaged airline foods, effluent  

Peanut Processing Peanut butter manufacturer, effluent 

Corn Wet Miller #1 Corn Wet Miller effluent 

Corn Wet Miller #2 Corn Wet Miller effluent 

Corn Wet Miller #3 Corn Wet Miller effluent 

City 1 WWTP Influent City 1 has ~7,000 inhabitants.  The WWTP receives a flow of 2 million 

gallons per day (MGD).  Area industries are exclusively plant-based.   City 1 WWTP Effluent 

City 2 WWTP Influent City 2 has ~125,000 inhabitants.  The WWTP receives a flow of 38.2 MGD.  

Area industries are largely plant-based.   City 2 WWTP Effluent 

City 3 WWTP Influent City 3 has ~29,000 inhabitants.  The WWTP receives a flow of 6 MGD.  

Area industries are largely plant-based.   City 3 WWTP Effluent 

 

Solid-phase extraction (SPE) 

To prepare the samples for SPE, samples were filtered through glass wool to remove 

suspended particulates.  The SPE cartridges (C18, 60 mL ChromTech Resprep, 
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Bellefonte, PA) were attached to a vacuum manifold and preconditioned sequentially 

with three measures each of 25 mL hexanes, 25 mL of methanol, and 25 mL of Milli-Q 

water.  The five-liter samples were then filtered through the SPE cartridge.  The SPE 

cartridges were not allowed to run dry during the preconditioning or the loading of the 

sample.  If the flow rate through the cartridge ceased, a new cartridge was preconditioned 

and used.  After sample loading, the SPE cartridges were eluted with three measures of 

60 mL methanol (180 mL total).  If samples had been loaded onto multiple cartridges, all 

of the eluted methanol was combined at this point in the procedure (for a total of 360 

mL).  The eluted methanol was then volume-reduced using rotational evaporation to 5 

mL, a 1000-fold concentration of the original sample.  Deuterated genistein was injected 

into the sample at this point as an internal standard.   

Quality assurance and quality control 

To test recovery, 5 L of ultra-pure water (Milli-Q, Millipore, Billerica, MA) was spiked 

with 97% pure genistein 5 times at 3 different concentrations (5 samples each at 5 ng/L, 

50 ng/L, and 500 ng/L).  The genistein-spiked samples were treated in the same manner 

as the waste stream samples and recoveries were determined by comparing the quantity 

of genistein added to the sample to that measured on the LC/MS.  Genistein recovery was 

not dependent on concentration and was 80 ± 3.9% (± SD) (n=15).  To test for matrix 

effects, an industrial sample (airline food processing) that was predetermined to contain 

less than 5 ng/L genistein was spiked with 97% pure genistein and treated in an 

analogous manner to test recovery.  Recovery was equivalent to the spiked water, at 76% 

(n=1). 
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Process blanks were also analyzed 3 times at the beginning of the experiment and again 

after the processing and analysis of every 5 waste stream samples.  Five L of ultra-pure 

water (Milli-Q) were collected in plastic sample bottles (the same bottles used for sample 

collection) and treated in the same manner as the industrial or wastewater samples.  

Blanks were then analyzed on the LC/MS for phytoestrogens.  No phytoestrogens were 

detected in the process blanks.  

  

Liquid Chromatography / Mass Spectrometry (LC/MS) analysis 

Each sample was analyzed three times by LC/MS.  The method of analysis was 

modified from Kang et al. (2006) by using a compound-specific solvent gradient and 

altering the mass spectrometer scan windows (described below).  A Hewlett-Packard 

1100 model liquid chromatograph equipped with Agilent ChemStation software was used 

to analyze the samples by LC/ESI-MS in selected ion mode.  The LC was equipped with 

an Xterra MS C18 column (2.1 x 100mm, 3.5 μm; Waters).  A double solvent system 

with internal buffer was used: solvent A consisted of 2 mM ammonium acetate in a 

mixture of 90% HPLC-grade water and 10% HPLC-grade methanol; Solvent B contained 

2 mM ammonium acetate in 100% HPLC-grade methanol.  The sample was injected onto 

the column at t=0 min.  The solvent gradient program started with 65% solvent A, 35% 

solvent B for the first 6 min followed by the linear addition of solvent B to 65% by t=25 

min.  The column was then flushed with 90% B for 5 min, with a gradient down to 35% 

solvent B by t=32 min.  This was followed by a 5 min hold to clean the column, for a 

total run time of 37 min.  The flow rate for the mobile phase was kept constant at 200 

μg/L throughout the run.  The sample injection volume was 10 μL.  The LC effluent was 
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fed directly into the linear ion trap mass spectrometer.  The electrospray ionization source 

was operated at 350°C in negative ion mode with nitrogen as the drying and nebulizing 

gas.  Fragment voltage was constant throughout the run at 70 mv.  For increased 

sensitivity, the 35-min run was divided into compound-specific scan windows.  From t=0 

min to t=10 min, the MS scanned for daidzein (253, 254 m/z).  From t=10 min to t=15 

min the MS scanned for genistein (269, 270 m/z), and formononetin (267, 268 m/z).  

From t=15 min to t=18 min, the MS scanned for coumestrol (267, 268 m/z) and 

deuterated genistein (273, 274 m/z).  From t=18 min to t=35 min, the MS scanned for 

biochanin-A (283, 284 m/z), and zearalenone (317, 318 m/z).  Matrix effects were 

investigated by the addition of a deuterated genistein internal standard prior to LC/MS 

analysis.  Samples showed matrix effects ranging from 58 to 104% inhibition.  Individual 

samples were corrected by the internal standard to account for these effects.  The method 

detection limit for the LC/ESI-MS was determined for each compound (genistein: 5 ng/L, 

daidzein:8 ng/L, coumestrol: 22 ng/L, formononetin: 28 ng/L, biochanin-A: 20 ng/L, and 

zearalenone:18 ng/L).  Samples were diluted into the linear range of each compound prior 

to quantification.  To guarantee accuracy of peak identification, standard addition was 

performed after peak quantification on each sample.  Samples analyzed in triplicate on 

the LC/MS varied by less than 5%. 

 

RESULTS 

The concentrations for each of the measured phytoestrogens are shown in Table 10.  

Concentrations of genistein and daidzein ranged from below the detection limit to 

151,000 ng/L, whereas those for coumestrol, formononetin, biochanin-A, and 
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zearalenone were lower and ranged from below the detection limit to 4120 ng/L (Table 

10).   
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Table 10: Quantification and identification of phytoestrogens in industrial wastewaters (ng/L) 

Description 

Biodiesel1

Process1 

Biodiesel1

Process2 

Ethanol 

Influent 

Ethanol 

Effluent 

Biodeisel2

24 hr 

Biodeisel2

grab Soy Oil 

Bean 

Process Soy Milk 

Total Phytoestrogens  22,500 † 6,860 † 4,740 † 220.0 1,920 † 1,300 † 127,000 † 465 250,000 † 

Genistein  10,300 4,800 255 - 1,860 306 18,500 228 151,000 

Diadzein  11,900 2,060 280 - 58.0 437 108,000 172 98,900 

Coumestrol  - - - - - 428 107 65.4 263 

Formononetin  299 - - - - - 138 - 67.8 

Biochanin-A  - - 88.4 - - - 87.8 - - 

Zearalenone  - - 4120 220 - 128 - - - 

 Dairy1 Dairy2 Dairy3 Brewery1 Brewery2 

Soda 

Bottling 

Asian 

Foods BBQ Meat 

Airline 

Foods 

Total Phytoestrogens  - 39,900 † - 880 202 825 700 30,800 † - 

Genistein  - 27,500 - 881 71.4 653 408 25,000 - 

Diadzein  - 12,400 - - 131 - 293 5,820 - 

Coumestrol  - - - - - 76.6 - - - 

Formononetin  - - - - - - - - - 

Biochanin-A  - - - - - - - - - 

Zearalenone  - - - - - 95.5 - - - 

 

Peanut 

Process 

Corn Wet 

Miller1 

Corn Wet 

Miller2 

WWTP1 

Influent 

WWTP1 

Effluent 

WWTP2 

Influent 

WWTP2 

Effluent 

WWTP3 

Influent 

WWTP3 

Effluent 

Total Phytoestrogens  6,260 † 106 - 1,150 † 59.3 53,500 † 277 18,000 † 1,380 † 

Genistein  2,630 106 - 289 32.6 25,300 42.4 10,200 158 

Diadzein  3,530 - - 629 20.9 28,100 28.7 7,840 868 

Coumestrol  - - - 224 - - 33.7 - 46.0 

Formononetin  - - - - - - - - - 

Biochanin-A - - - - - - 166 - 300 

Zearalenone  106 - - - - 127 - - - 

† Indicates a concentration above the theoretical threshold of 1,000 ng/L for environmental impact based on total phytoestrogens  

- Indicates a concentration below the reported detection limits as reported in the materials and methods section for individual compounds
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The calculated mass-based removal efficiencies and effluent load (flow rate given 

in Table 9 multiplied by the concentrations given in Table 10) for the three WWTPs 

receiving large flows from plant-based industries (WWTP 1, 2, and 3) are reported in 

Table 11.   

Table 11: Wastewater Treatment Phytoestrogen Removal Efficiencies 

Description City 1 City 2 City 3 

Removal Efficiency (%) 95.0 99.8 93.1 

Load (g/day) 0.400 7.80 30.7 

 

DISCUSSION   

Genistein and daidzein were present in the wastewater of many plant-processing 

industries in concentrations above the theoretical threshold for potential environmental 

impact (≥1000 ng/L) (Gontier-Latonnelle et al., 2007; Thorpe et al., 2003).  These two 

compounds were the major phytoestrogens detected in all samples with coumestrol, 

formononetin, biochanin-A, and zearalenone as relatively minor contributors to the total 

phytoestrogen concentration.  The exception for this was the detection of 4,120 ng/L of 

zearalenone in the effluent from the ethanol plant.  Zearalenone is a mycotoxin produced 

by fungi in the genus Fusarium.  This fungus normally contaminates feed grains and 

zearalenone is a potent endocrine disruptor that causes reproductive disorders in farm 

animals and occasionally causes hyperoestrogenic syndromes in humans (Zinedine et al., 

2007).  The activated sludge pretreatment facility at the ethanol plant was able to remove 

the zearalenone to 220 ng/L.  This emphasizes the importance of appropriate pretreatment 

for industrial waste streams.   
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The concentrations of genistein and daidzein were particularly high in wastewater from 

industries involving soy products, e.g., biodiesel refining, soy oil production and soy milk 

processing.  This was expected given the high concentrations of these compounds in 

soybeans (Liggins et al., 2000).  Surprising, however, was the presence of high levels of 

genistein and daidzein in the effluents from industries such as the barbeque meat-

processing facility, Dairy 3, and the Asian noodle manufacturing plant.  While one can 

speculate on the origin of these compounds (in the silage fed to cows for example), these 

results highlight the fact that phytoestrogens can be present in the effluents of unexpected 

industries and underlines the importance of understanding the waste streams of industries.  

Also of note was the finding that effluent from corn-based industries did not contain high 

levels of phytoestrogens despite the relatively high dry weight phtyoestrogen content of 

corn (1 x10
2
 µg/kg) (Liggins et al., 2000). 

Of further interest is the difference in phytoestrogen concentration between the 24 

hour composite sample of the biodiesel 2 facility (1920 ng/L) and the grab sample from 

the same plant on the same day (1300 ng/L).  While this survey of industries provides a 

valuable baseline for understanding which industries are likely to discharge high 

concentrations of phytoestrogens, additional industry-focused research should be 

performed over time to understand the variability of loads of industrial phytoestrogens 

and how different processes affect these loads.   

The treatment efficiency of the three municipal WWTPs varied from 93.1% to 

99.8%.  Cities 1 and 2, which achieved the highest percent removals and lowest 

phytoestrogen mass flows, both employed an activated sludge process.  City 3 used a 

trickling filter system and did not achieve the same level of treatment.  This suggests that 
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different types of biological treatment processes may impact the removal of 

phytoestrogens from waste streams.  More research is necessary, however, to understand 

the fate and removal mechanisms of phytoestrogens during wastewater treatment.   

Our study showed that phytoestrogens can be present in industrial wastewaters, 

even unexpected ones, at concentrations that could negatively impact the development 

and reproduction of fish.  While phytoestrogens have relatively low potencies, other 

estrogens or estrogen mimics could be present in effluent streams as well.  These 

phytoestrogens have the documented ability to act additively with other estrogens and 

estrogen mimics discharged from animal husbandry operations or municipal WWTPs 

(Vajda et al., 2008; Woodling et al., 2006; Tyler and Routledge et al., 1998; Jobling et al., 

1998).  Therefore, in nature, aquatic organisms interact not just with a few compounds, 

but a complex mixture of estrogens and estrogen mimics, all acting with variable 

potencies and to different degrees in different species.  Thus, any level of estrogenic 

compound release should be considered environmentally important in light of reported 

widespread reproductive dysfunction of aquatic organisms (Vajda et al., 2008; Woodling 

et al., 2006; Tyler and Routledge et al., 1998; Jobling et al., 1998; Andersson et al., 1988; 

Hewitt et al., 2008; McMaster et al., 2006; Parks et al., 2001; Sandström and Neuman, 

2003), particularly when one notes the very high concentrations of some of these 

phytoestrogens in industrial effluents.  It does appear, however, that WWTPs can treat 

these phytoestrogens effectively.  In the context of the current rapid expansion of the 

United States‘ biofuel industry (an increased production of 200 million gallons of 

biodiesel and 1,310 million gallons of bioethanol from 2006-2007), there is a need to 

understand both the characteristics of industrial wastewaters and their fate under different 
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treatment regimes.  The expansion of the plant-processing industries must occur with 

caution and in a manner that ensures high quality wastewater treatment to protect surface 

water supplies.   
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4. Mechanism for the control of phytoestrogen removal in 

activated sludge processes 
 

Note: this paper was a joint collaboration between Mark Stephen Lundgren and Nate 

Fleishman.  Mark Lundgren was responsible for most of the laboratory work and writing 

of the manuscript.  Nate Fleishman worked as a summer research assistant and helped to 

collect data.   

 

INTRODUCTION 

There is significant and growing concern over the release of xenobiotic chemicals 

into the environment that have the ability to disrupt the endocrine systems of wildlife.  

Endocrine disrupting compounds (EDCs) such as human hormones and pharmaceuticals 

have been identified as ubiquitous components of the effluents of wastewater treatment 
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plants (WWTPs) (Halling-Sorensen et al., 1998; Routledge et al., 1998 Daughton and 

Ternes 1999)
 
and in the surface waters of Europe (Ternes et al., 1999), United States 

(Koplin et al., 2002), China (Gong et al., 2009), and South Korea (Kim et al., 2007). 

Evidence has suggested that even low-levels of potent EDCs in aqueous ecosystems can 

lead to population-wide impacts.  Indeed, a recent study by Kidd et al. (2007) showed 

that low levels (5-6 ng/L) of the hormonally active 17β-ethynylestradiol caused the 

collapse of a population of fathead minnows (Pimephales promelas) in an experimental 

lake in northwestern Ontario, Canada.   

Phytoestrogens are a class of compounds found naturally in many plant species 

and in abundance in legumes.  Phytoestrogens are proven EDCs and have been shown to 

act as estrogen mimics or agonists in many species including sheep (Bennets et al., 1946), 

bats (Serrano et al., 2007), mice (Jefferson et al., 2007), and fish (Sassi-Messai, 2009).  

The release of phytoestrogens and EDCs into waterways is of concern due to the nature 

of aquatic environments and aqueous chemical transport.  Studies have shown that 

phytoestrogens can cause alterations in fish hormone levels (Pelissero et al., 1991; 

MacLatchy and Van Der Kraak, 1995), change behavior patterns (Clotfelter and 

Rodriguez, 2006), alter physical characteristics (Denton et al., 1985; Kiparissis et al., 

2003), impede cholesterol transfer (Leusch and MacLatchy, 2003), inhibit aromatase 

activity Pelissero et al., 1996), and suppress immune system responses (Ardia and 

Clotfelter, 2006) in fish species.   

Despite evidence of their effects, phytoestrogens have been relatively under-

studied in the EDC literature.  A recent study by Lundgren and Novak (2009) found that 

phytoestrogens are being discharged to WWTPs at high levels from industries including 
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biodiesel, soy oil, and dairy processors.  The study also found that the effluent of one 

treatment plant in a city supporting a large soy oil and biodiesel facility had effluent 

concentrations of phytoestrogens higher than the theoretical environmental impact 

threshold of 1 µg/l total phytoestrogens.  It was also shown that two other WWTPs 

receiving high phytoestrogens loads were able to reduce the phytoestrogen concentration 

in their effluent to below the environmental impact threshold.  These findings suggest it 

may be possible to optimize treatment for the removal of phytoestrogens if more is 

known about how these compounds are removed in WWTP processes. 

Current research on the removal of EDCs from WWTPs has focused on potent 

EDCs like estrone, ethynylestradiol, and estradiol.  Studies have shown that conventional 

wastewater treatment removes 85-99% of 17β-estradiol and 25-80% of estrone (Khanal et 

al., 2006).  While the ultimate mechanisms of estrogen removal are unclear, it is 

suggested that there are two primary removal mechanisms of estrogens in the activated 

sludge process: sorption to solids or transformation through microbial degradation 

processes.   

Sorption of environmental estrogens, but not phytoestrogens, to the solids during 

the activated sludge process was studied by Kikuta et al. (2003).  They were able to show 

that an increase of the mixed liquor suspended solids (MLSS) concentration led to a 

significant decrease in the concentration of estrogens in the final effluent, showing that 

solid sorption can play an important role in estrogen removal.  Another study by 

Holbrook et al. (2008) investigating the sorption of estradiol (E2) and 7α-ethynylestradiol 

(EE2) to colloidal organic carbon found that up to 60% of aqueous concentration of the 

two compounds may be associated with the colloidal material, supporting the idea that 



49 

 

sorption may be an important removal mechanism.  Sorption does not alter the chemical 

characteristics of the compounds, leading to a possible route of environmental 

contamination if the solids are land applied.   

In comparison to sorption, biological transformation of estrogens alters the 

chemical structure of the compounds, potentially changing the compounds‘ ability to act 

as an EDC.  While it is known that biological treatment is effective in removing 

estrogens, the bacterial communities responsible for the removal are less well understood.  

Vader et al. (2000) reported a strong connection between the removal of ethynylestradiol 

and the presence of nitrifying bacteria in activated sludge.  The study grew bacteria 

whose sole energy source was ammonium.   

Ternes et al. (1999) also investigated the removal of estradiol and estrone from 

activated sludge systems, specifically looking at the response of altering the solids 

residence time (SRT) on degradation.  The removal of estradiol increased from 75 to 96% 

and the removal of estrone increased from 64 to 94% as a result of increasing the SRT 

from 6 to 11 days, suggesting that raising the SRT of the activated sludge tank may be an 

important control for estrogen removal because long SRTs are associated with 

nitrification, a similar mechnanism may be involved in estradiol and estrone 

transformation in this case.   

Due to the chemical similarities between phytoestrogens and human and synthetic 

estrogens like estrone, estradiol, and ethynylestradiol, removal mechanisms may be 

similar.  This study therefore addressed this issue by investigating the transfer of two 

common phytoestrogens in laboratory scale activated sludge reactors with different 

SRTs. 
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MATERIALS AND METHODS 

Chemicals and solvents 

Genistein, daidzein, coumestrol, formononetin, biochanin-A, and zearalenone 

were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA).  Deuterated genistein, 

used as a surrogate, and deuterated daidzein, used as an internal standard, were purchased 

from Cambridge Isotope Laboratories, Inc (Andover, MA, USA).  Hexanes and methanol 

were purchased from Sigma-Aldrich (Milwaukee, WI, USA).  Phytoestrogens were 

obtained in the form of dietary phytoestrogens Nature‘s Way Soy Isoflavones, 

Standardized Dietary Suppliment (Springville, UT, USA) and contained standardized 

levels of daidzein, genistein, formononetin, and biochanin A.  All other chemicals were 

obtained from Fisher Scientific (Pittsburgh, PA, USA). 

Media creation 

To approximate the chemical composition of WWTP influent, a chemical media 

feed (Table 13) and a trace element solution (Table 14) was supplied to all reactors 

throughout the experiment (Novak, 2008).   

Table 12: Medium composition for both the batch and semi-batch reactors.  

NAME FORMULA CONCENTRATION 

mg/l 

Bacto Peptone - 300 

Sodium Acetate CH3COONa 100 

Ammonium Chloride NH4Cl 57 

Ammonium Bicarbonate NH4HCO3 60 

Potassium Phosphate KH2PO4 44 

Potassium Bisulphate KHSO4 34 

Sodium Bicarbonate NaHCO3 394 

Calcium Chloride CaCl∙2H2O 220 

Magnesium Sulphate MgSO4∙7H2O 150 
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Ferric Chloride FeCl3 20 

Alum Al2(SO4)3∙18H2O 20 

Trace Element Solution See Table 14 2 ml 

 

Table 13: Trace Element Solution Composition 

NAME FORMULA CONCENTRAION (g/l) 

Citric acid - 2.73 

Hippuric acid - 2 

Ethylene Diamine Traaceitc 

Acid - trisodium salt 

Na3EDTA∙4HYO 1.5 

Ferric Chloride FeCl3 6H2O 1.5 

Boric acid H3BO3 0.25 

Zinc Sulfate ZnSO4 0.15 

Magnesium Chloride MnCl2∙4H2O 0.12 

Copper (II) Sulfate CuSO4∙5H2O 0.06 

Potassium Iodide KI 0.03 

Sodium Molybdate NaMoO4∙2H2O 0.03 

Cobalt chloride CoCl2∙6H2O 0.03 

Nickel (II) Chloride NiCl2∙6H2O 0.03 

Sodium Tungstate NaWO4∙2H2O 0.03 

  

Reactor Methods 

Semi-batch reactor experimental setup 

In order to approximate conditions in a typical activated sludge wastewater 

process, and to test for the effect of altering the SRT on phytoestrogen removal, semi-

batch reactors were created.  Experimental semi-batch reactors were set up in triplicate: 

one control reactor receiving a feed with no phytoestrogens and two experimental 

reactors receiving a phytoestrogen spiked-feed.  Ten-liter glass jars were used as vessels 

for the semi-batch reactors.  Reactors were capped with rubber stoppers through which 

aeration tubes and additional withdrawal tubes were threaded.  Total reactor liquid 

volume was seven liters.  Fixed rate aeration was achieved through fine bubble diffusers 

connected to the laboratory air system.  The air passed through a humidifying chamber to 

limit evaporation in the reactors.  Feed was delivered to the reactors via Masterflex 
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(Vernon Hills, IL) L/S economy drive pumps, using Masterflex tubing.  To ensure 

accurate volume transfer of media into reactors, a reservoir system was used.  The feed 

was pumped from the storage containers into the reservoir containers and allowed to 

overflow.  The overflow liquid returned to the storage containers via tubing.  Once in the 

reservoir containers, the liquid was drawn down to a predetermined level.  The reactors 

were kept at a constant temperature of 23ºC.   

Influent was stored in closed containers and changed every two to three days to 

control for bacterial contamination of the media prior to transfer into the reactors.  

Experimental reactors received feed that was spiked with 500 µg/L of the phytoestrogen 

mixture while the control reactor received clean media.  The influent media was mixed 

continuously using rotor blades.  A diagram of the experimental setup is in Figure 6.   

 

 

Figure 6: The experimental setup for the semi-batch reactors.  Three reactors were run 

with two experimental reactors receiving phytoestrogen feed and one control reactor 

receiving uncontaminated feed. 
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Semi-batch reactor operation 

To control for the SRT and hydraulic residence time (HRT), reactor pumps were 

set to draw predetermined amounts of liquid during the complete mix phase (SRT) or the 

settle phase (HRT) using ChronTrol XT timers from ChronTrol Corperation (San Diego, 

CA).  The HRT was kept at a constant 12 hours throughout the experiment.  This was 

achieved through a settle and draw phase that occurred 4 times a day withdrawing 3.5 

liters of supernatant during each draw.  This draw phase lasted for 5 minutes to ensure the 

pumps removed the full volume.  To make certain that the solids were not removed from 

the reactor during the withdrawal of the supernatant, the aeration was stopped for 30 

minutes prior to the pump and draw phase to allow the solids to settle to the bottom of the 

reactor.   

The SRT was controlled by removing liquid from the reactors during the complete 

mix phase (i.e. while aeration was occurring in the reactors).  The SRT pumps ran for two 

and a half minutes.  To test for the effect of SRT on phytoestrogen removal capacity, 

semi-batch reactors were run with either a 7 day SRT or a 3.5 day SRT.  For the seven 

day SRT experiment, one liter of liquid per day was removed from the reactors during the 

complete mix phase.  For the 3.5 day SRT, two, one liter draws of the completely mixed 

liquid were removed per day. Monitoring data and phytoestrogen samples were collected 

daily for two weeks during each operation phase.   

 

Reactor start-up 

To seed the semi-batch reactors, a grab sample of MLSS was taken from the 

Metropolitan WWTP (Metro) in St Paul, MN.  The organisms were divided into three 
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separate test reactors and allowed to grow under uniform conditions for 4 months prior to 

the beginning of the experiment.  During this time period chemical oxygen demand 

(COD), nitrate, nitrite, ammonia, dissolved oxygen (DO) concentration, total suspended 

solids (TSS), pH, SRT, and HRT were monitored within the reactors.   

 

Batch reactor experimental setup 

In order to additionally test the effect of altering the SRT on phytoestrogen 

removal under controlled conditions, batch reactors were created.  The batch reactors 

were run in ten-liter glass Erlenmeyer flasks.  Two reactors were seeded with two liters of 

liquid from the semi-batch reactors (withdrawn directly from the aeration phase).  Two 

additional reactors were seeded liquid from the aeration tank at the Metropolitan WWTP 

in St. Paul, MN.  All four reactors received two liters of fresh media in addition to the 

seed liquid.  One reactor from both the Metro seeded reactors and the semi-batch seeded 

reactors were spiked with 600 µg/L of the phytoestrogen mix.  The other two reactors 

were run as controls and did not receive the phytoestrogen mix. All reactors were capped 

with rubber stoppers through which aeration tubes and withdrawal tubes were threaded.  

Fixed rate aeration was achieved through fine bubble diffusers connected to the 

laboratory air system.  The reactors were kept at a constant temperature of 23ºC.   

 

Batch reactor operation 

The batch experiments were operated for 12 hours.  Samples of 200 mL were 

taken at two hour intervals throughout the experiment from all four reactors.  These 
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samples were used to monitor the reactors for COD, nitrate, nitrite, ammonia, pH, 

dissolved oxygen, and total solids.   

 

Analytical Methods 

Solid-phase extraction (SPE) 

One liter samples for LC/MS analysis were taken from the liquid removed during 

the withdrawal phase for the semi-batch reactors.  Liquid samples (200 ml) were also 

taken from the batch reactors and handled in a similar manner, except that any solids 

present were first removed via filtration through a glass wool and funnel setup.  All liquid 

samples were processed through SPE cartridges for removal and concentration of the 

phytoestrogens present.   

Deuterated genistein was added to the samples prior to SPE extraction to serve as 

a surrogate.  To prepare the samples for SPE, semi-batch samples were filtered through 

glass wool to remove suspended particulates.  The SPE cartridges (C18, 60 ml 

ChromTech Resprep, Bellefonte, PA) were attached to a vacuum manifold and 

preconditioned sequentially with three measures each of 25 ml hexanes, 25 ml of 

methanol, and 25 ml of Milli-Q water.  The liquid samples were then filtered through the 

SPE cartridge.  The SPE cartridges were not allowed to run dry during the 

preconditioning or the loading of the sample.  After sample loading, the SPE cartridges 

were eluted with three measures of 60 ml methanol (180 ml total).  The eluted methanol 

was then volume-reduced using rotational evaporation to 5 ml, a 200-fold concentration 

of the original sample for the semi-batch samples and a 40-fold concentration of the 
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original sample for the batch samples.  Deuterated daidzein was injected into the sample 

at this point as an internal standard.   

Reactor monitoring parameters 

Reactor effluent and influent were monitored for COD, nitrate, nitrate, and 

ammonia.  DO concentration, TSS, and pH were also monitored within the reactors.   

COD was measured using Bioscience, Inc. (Allentown, PA, USA) accu-Test
TM

 

mercury-free standard range twist cap chemical oxygen demand (COD) vials and a hand-

held Hach (Loveland, CO, USA) DR/890 colorimeter.  COD standards were created 

using potassium hydrogen phthalate at concentrations of 900, 450, 250, and 50 mg/L as 

COD.  To standardize the COD test, blanks were created from milli-q water and used as 

the zero for the colorimeter.  Standards, blanks, and samples were processed analogously, 

with 2 mL of liquid added to the COD reaction vial.  Vials were shook vigorously for 15 

seconds and allow to heat on Hach COD vial holders for 2 hours at 105°C.  The vials 

were allowed to cool to room temperature and then read three times on the handheld 

colorimeter.  The average of the three readings was taken to be the value for each sample.  

Samples were quantified based on the creation of a standard curve.   

Nitrate and nitrite levels were monitored using an Metrohm (Riverview, FL, 

USA) 761 ion chromatograph using a Metrohm 766 sample processor and IC Net 

software.  Nitrate and nitrite were quantified using standards created from sodium nitrate 

and sodium nitrite with standard concentrations of 1, 5, 10, and 40 mg/L as N for both.  2 

mL of sample and standards were loaded into plastic IC vials.  Three blank vials were 

loaded with milli-q water to check for instrument error.  Results for the samples from the 

IC net software were adjusted based on the standard and blank values for peak area.   
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Ammonia was monitored using a Thermo Scientific (Pittsburg, PA, USA) Orion 

9512 Ammonia Probe attached to a Beckman (Fullerton, CA, USA) I32 pH meter in 

millivolt mode.  Prior to sample measurement, the instrument was calibrated using 100ml 

of solutions containing 250, 100, 10, 1, and 0.1ppm NH4 as prepared from a 10M NH4 

Hach standard solution.  Both samples and standards were measured while being stirred 

using a stir plate and stir bar.  Measurements taken in millivolts were translated using the 

creation of a standard curve.   

Dissolved oxygen was monitored using an YSI Environmental DO 200 probe.  

Measurements for DO were taken directly from the probe readout after immersing the 

probe for a 15 second interval.     

pH was monitored using a Corning (Corning, NY, USA) Flat Surface 

Combindation pH probe and a Beckman I32 pH Meter in millivolt mode and pH 

standards of pH 4, 7, and 10 provided by Hach.  The pH meter was calibrated before 

every pH reading using the standards.  pH readings were taken by immersing the 

electrode in a well mixed sample and allowing for 30 seconds to stabilize the reading.   

Total suspended solids were monitored using standard method 2540 D: total 

suspended solids dried at 103–105°C and 47 mm glass fiber filters from Hach.   

LC/MS analysis 

Each sample was analyzed in triplicate by LC/MS.  The method of analysis was 

modified from Kang et al. (2006) by using a compound-specific solvent gradient and 

altering the mass spectrometer scan windows (described below).  A Hewlett-Packard 

1100 model liquid chromatograph equipped with Agilent ChemStation software was used 

to analyze the samples by LC/ESI-MS in selected ion mode.  The LC was equipped with 
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an Xterra MS C18 column (2.1 x 100mm, 3.5 μm; Waters).  A double solvent system 

with internal buffer was used: solvent A consisted of 2 mM ammonium acetate in a 

mixture of 90% HPLC-grade water and 10% HPLC-grade methanol; Solvent B contained 

2 mM ammonium acetate in 100% HPLC-grade methanol.  The sample was injected onto 

the column at t=0 min.  The solvent gradient program started with 65% solvent A, 35% 

solvent B for the first 6 min followed by the linear addition of solvent B to 65% by t=25 

min.  The column was then flushed with 98% B for 5 min, with a gradient down to 35% 

solvent B by t=32 min.  This was followed by a 5 min hold to clean the column, for a 

total run time of 37 min.  The flow rate for the mobile phase was kept constant at 200 

μg/L throughout the run.  The sample injection volume was 10 μL.  The LC was fed 

directly into the linear ion trap mass spectrometer.  The electrospray ionization source 

was operated at 350°C in negative ion mode with nitrogen as the drying and nebulizing 

gas.  Fragment voltage was constant throughout the run at 70 mv.  For increased 

sensitivity, the 35-min run was divided into compound-specific scan windows.  From t=0 

min to t=10 min, the MS scanned for daidzein (253, 254 m/z) and deuterated daidzein 

(257, 258 m/z).  From t=10 min to t=15 min the MS scanned for genistein (269, 270 m/z), 

and formononetin (267, 268 m/z).  From t=15 min to t=18 min, the MS scanned for 

deuterated genistein (273, 274 m/z).  From t=18 min to t=35 min, the MS scanned for 

biochanin-A (283, 284 m/z).   

Quality assurance and quality control 

The method detection limit for the LC/ESI-MS was determined for each 

compound (genistein: 7 ng/L, daidzein: 10 ng/L, formononetin: 18 ng/L, and biochanin-

A: 15 ng/L).  Samples were diluted into the linear range of each compound prior to 
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quantification.  Samples for LC/MS analysis were run a minimum of three times after 

dilution to ensure instrument reproducibility.  Instrument error was determined to be 

negligible.  To test recovery, each sample was spiked with a surrogate of dueterated 

genistein at a level of 100 ng/L.  Dueterated genistein recovery was found to be 90.2 ± 

6.6% (± SD) (n=35).  Matrix effects were investigated by the addition of a deuterated 

daidzein internal standard prior to LC/MS analysis.  Samples showed matrix effects 

ranging from 88 to 102% inhibition.  Individual samples were corrected by the internal 

standard to account for these effects.   

Results 

Semi-batch reactor influent and effluent characteristics 

The semi-batch reactors were determined to be at steady-state four months after 

seeding.  Effluent parameters were relatively constant for one month before 

phytoestrogen addition, as summarized in Table 15.  In addition, dissolved oxygen 

measurements were stable through the experiment and were maintained above 5 mg/L.  

pH for the entire experiment was maintained with minimal variation.   No significant 

difference between effluent characteristics in the control and experimental reactors was 

noted. 

Table 14: Average effluent parameters achieved during the four month steady-state 

monitoring period and during the 7 day SRT experiment and the 3.5 day SRT experiment.   

 Steady State / 7 day 

SRT(± SD) 

3.5 day SRT(± SD) 

pH 7.75 ± 0.31 (n=150) 

Dissolved Oxygen >5 mg/L 

COD 109 ± 39.5 mg/L as COD 

(n=30) 

92.7 ± 43.7 mg/L as COD 

(n=15) 

Nitrate 36.4 ± 7.92 mg/L as N 13.7 ± 2.65 mg/L as N 
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(n=27) (n=15) 

Nitrite 2.67 ± 2.85 mg/L as N 

(n=27) 

2.76 ± 2.79 mg/L as N 

(n=15) 

Ammonia non-detect 

(<1 mg/L as N) 

27.9 ± 6.55 mg/L as N 

(±SD)(n=15) 

Total Solids 1.48 ± 0.462 g/L (n=30) 0.73 ± 0.176 g/L (n=15) 

 

 Influent characteristics for COD, nitrate, nitrite and ammonia were also monitored 

throughout the experiment with the results shown in Table 16.  The high variance in the 

COD influent parameter was due to the contamination of the media which occurred prior 

to delivery into the reactors.   

Table 16: Average influent parameters achieved during the entire experiment.   

COD 435 ± 152 mg/L as COD 

(n=60) 

Nitrate non-detect 

 (n=60) 

Nitrite non-detect 

 (n=60) 

Ammonia 37.2 ± 7.43 mg/L as N 

(n=60) 

 

 After achieving steady-state at an SRT of 7 days, phytoestrogens were fed 

continuously and the semi-batch reactors were run for an additional two weeks.  Effluent 

characteristics did not differ significantly during this period.  Effluent samples were taken 

for these two weeks and also analyzed for phytoestrogens via LC/MS.  Upon reducing, 

the SRT to 3.5 days the effluent characteristics changed significantly.  Average influent 

and effluent phytoestrogen levels and removal percentages during both operating periods 

(7 and 3.5 day SRT) are summarized in Table 17. 
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Table 15: Average influent and effluent phytoestrogen levels and removal percentages 

for the semi-batch reactors under 7 day and 3.5 day SRT conditions.   

 Influent  7 day SRT 

Effluent  

3.5 day SRT 

Effluent  

7 day SRT 

Removal  

3.5 day SRT 

Removal  

Compounds (ng/L)  

(±SD)(n=18) 

(%)  

(±SD)(n=12) 

(%)  

(±SD)(n=6) 

Daidzein 1,260  ± 238 14.5 ± 12.2 90.1  ± 7.41 99.9 ± 0.0998 93.2 ± 0.685 

Genistein 213 ± 36.3 3.29 ± 1.30 17.4  ± 1.67 98.4 ± 0.773 92.2 ± 0.499 

Formononetin 54.6 ± 12.9 n.d. n.d. >33.9 >33.9 

Biochanin A 49.8 ± 20.7 n.d. n.d. >30.1 >30.1 

n.d. = non-detect, below the method detection limit 

 

Batch Reactors 

For the second set of batch experiments, reactor characteristics are shown in 

Table 18.  Total suspended solids and pH did not vary significantly throughout the 

experiment.  Dissolved oxygen within the reactors did not drop below 8 mg/L for the 

entire experiment.   

Table 16: Average effluent parameters during the 12 hour batch experiment   

 7 day SRT, Metro seeded 

reactors (±SD) 
3.5 day SRT, semi-batch 

seeded reactors (±SD) 

pH 7.35 ± 0.25 (±SD)(n=24) 

Dissolved Oxygen >8 mg/L 

Total Suspended Solids 0.712 ± 0.06 g/L (n=12) 0.422 ± 0.05 g/L (n=12) 

 

No significant differences in effluent characteristics were observed between the 

control and experimental reactors.  Figure 2 shows the effluent characteristics over time 

for ammonia (Figure 7a) nitrate (Figure 7b), nitrite (Figure 7c), and COD (Figure 7d).   
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Figure 7a: Ammonia nitrogen in mg/L as N for the batch 

experiment. 

Figure 7b: Nitrate nitrogen in mg/L as N for the batch 

experiment. 

 
Figure 7c: Nitrite nitrogen in mg/L as N for the batch 

experiment. 

Figure 7d: COD in mg/L for the batch experiment. 

 

Figure 7: Effluent characteristics for ammonia, nitrate, nitrite, and COD by reactor for the 12 hour batch experiment 
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 Data for the phytoestrogens over time for the 12 hour batch experiment are shown 

in Figures 8 (7 day SRT, Metro seeded reactor) and 9 (3.5 day SRT, semi-batch seeded 

reactor).  No phytoestrogens were detected in the control reactors. 

 

Figure 8: Phytoestrogens in ug/L for the 12 hour batch experiment as determined by 

LC/MS analysis for the reactors seeded using the MLSS from the Metropolitan 

Wastewater Treatment Plant.   
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Figure 9: Phytoestrogens in ug/L for the 12 hour batch experiment as determined by 

LC/MS analysis for the reactors seeded using the MLSS from the 3.5 day SRT batch 

reactor.   

 

Figure 10: Total phytoestrogens in µmol/L for the 12 hour batch experiment as 

determined by LC/MS analysis for both reactor types. 

  

Calculated zero-order removal rate coefficients for the phytoestrogens during the 

12 hour batch experiment are shown in Table 19.   

 

Table 17: Zero-order removal rate coefficients for formononetin, daidzein, genistein, and 

biochanin A.  Negative removal rate coefficients represent production of the compound 

in the bulk liquid.   

 Formononetin Daidzein Genistein Biochanin A 

 Phytoestrogen removal rates (µg/L hr
-1

) 

Metro  -0.0926 0.0623 0.0249 0.00174 

3.5 day SRT  -0.0112 0.0452 0.0215 -0.00384 
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Discussion 

Semi-batch 

 Genistein, daidzein, formononetin, and biochanin A were removed to levels well 

below the concentration where phytoestrogens would be considered an environmental 

contaminant in both the 7 day SRT and 3.5 day SRT experiments.  The 7 day SRT 

experiment achieved 99.9% ± 0.0998 removal for daidzein and 98.4% ± 0.773 removal 

for genistein.  These removal percentages were significantly different from the 3.5 day 

SRT experiment (daidzein t(11) = -6.20, p = 0.000034, genistein t(11) = -9.46, p = 6.42 x 

10
-7

).  The 3.5 day SRT treatment removal for daidzein lowered to 93.2% ± 0.685 and 

removal for genistein lowered to 92.2% ± 0.499.  This suggests that SRT can have a 

significant impact on the removal of phytoestrogens in WWTP processes.   

Indeed, these removal percentages are similar to those found in the field in our 

previous study (Lundgren and Novak, 2009).  It was found that in two larger metropolitan 

WWTPs with activated sludge treatment, total phytoestrogen removal percentages were 

99.8% and 95.0%.  In a third, smaller WWTP that utilized a trickling filter, total 

phytoestrogen removal of 93.1% was found.  In the case of the smaller WWTP, 

concentrations of total phytoestrogens greater than 1 µg/L were found in the WWTP 

effluent, indicating that when influent concentrations are high enough, even relatively 

small differences in phytoestrogen removal percentage can impact effluent concentrations 

and potentially ecological health, significantly.   

Batch Experiments 

For the 12 hour batch experiment, the results for phytoestrogen removal were 

somewhat mixed.  The 7 day SRT reactor seeded with the Metropolitan WWTP MLSS 
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had a larger zero order removal rate coefficient for daidzein (0.06 µg/L hr
-1

) than the 3.5 

day SRT, semi-batch-seeded reactor (0.05 µg/L hr
-1

).  This trend was also true for 

genistein, with removal rate coefficients for the reactors calculated as 0.25 µg/L hr
-1

 for 

the 7 day SRT, Metro seeded reactor and 0.22 µg/L hr
-1 

for the 3.5 day SRT, semi-batch 

reactor.  The 12 hour batch reactors supported the idea that longer SRTs will have a 

positive impact on the removal rates of phytoestrogens, although additional experiments 

are needed to prove this.   

Both the Metro and 3.5 day SRT batch reactors showed some production of 

formononetin, with the Metro reactor producing significantly more formononetin (0.09 

µg/L hr
-1 

Metro vs. 0.01 µg/L hr
-1 

3.5 day SRT).   Formononetin is known to be a 

methylated derivative of daidzein (Yildiz, 2006), thus it is possible that the difference in 

formononetin production between the two reactors is a result of greater transformation of 

daidzein into formononetin in the Metro reactor.  It is also known that genistein can be 

methylated into biochanin A (Yildiz, 2006).  This, however, was not observed in either 

reactor, as biochanin A levels did not trend with genistein removal.  From this data it can 

be suggested that formononetin may be an important phytoestrogen in WTTPs that are 

receiving large daidzein loads.  This could be important from an environmental 

standpoint because formononetin is known to have an affinity that is over 20 times 

greater on average than daidzein for a variety of estrogen receptors, including fish 

estrogen receptors (Gontier-Latonnelle et al., 2007; Thorpe et al., 2003).   

Possible role of nitrification in phytoestrogen removal 

 The results from both the semi-batch and batch experiments support the idea that 

nitrifiers may play a role in phytoestrogen removal.  After achieving steady-state in the 
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3.5 day semi-batch treatment, ammonia begin to appear in the reactor effluent at an 

average concentration of 27.9 ± 6.55 mg/L as N (n=15), suggesting that the reactors had 

insufficient nitrifying capacity compared with the 7 day SRT treatment, in which no 

detectable levels of ammonia were observed in the effluent.  These results were mirrored 

in the 12 hour batch experiment.  By the 8
th

 hour of the batch experiment, the Metro 

reactor had converted 100 percent of the detectable ammonia to nitrate.  In comparison, 

the 3.5 day SRT reactor still had detectable levels of ammonia in its effluent at the end of 

the 12 hour experiment.  While neither the batch experiment nor the semi-batch 

experiment conclusively links nitrification to phytoestrogen removal, the trends in the 

data do support the idea.  To further test this, it is suggested that a study of a true 

nitrifying bacterial community similar to the experiments of Vader et al. (2000) be 

performed.   

 This study showed that phytoestrogen removal can be enhanced by increasing the 

SRT of the activated sludge process.  In a previous study, it was found that the total 

phytoestrogen load to one municipal WWTP was 53,500 ng/L.  Looking at these results 

in this context, it can be seen that 93.2% phytoestrogen removal, as was seen in the 3.5 

day SRT treatment, would result in an effluent concentration of 3,630 ng/L, significantly 

above the suggested environmental threshold of 1,000 ng/L.  Thus, it can be seen that 

control of the SRT is an important factor for preventing environmental discharge of these 

proven endocrine disruptors.  Furthermore, it has been shown that increasing the SRT can 

improve the removal of other potent EDCs and estrogens (Kikuta et al., 2003).  SRT 

could therefore be an important control variable for reducing the total EDC load to 

receiving waters, since estrogens have the documented ability to act in an additive 
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fashion (Thorpe et al., 2003; Brian et al., 2007).  This finding is environmentally 

important, especially considering observed widespread reproductive dysfunction in 

aquatic organisms (Tyler et. al, 1998).  In the specific context of phytoestrogens, this 

finding is important in light of the recent expansion of our nation‘s biofuel production.  

From 2006-2007 there was an estimated annual increase in production of 200 million 

gallons per year of biodiesel and 1,310 million gallons of bioethanol, with much of this 

expansion occurring in rural areas that may lack the sophisticated WWTPs of larger 

metropolitan areas.  With this in mind, the expansion of all plant-processing industries 

should proceed in a manner that ensures sufficient treatment to protect our water-bodies 

from phytoestrogen contamination.    

 This study was unable to elucidate which mechanism controls phytoestrogen 

removal in aerated sludge processes: solid sorption or biological removal.  Future studies 

should be conducted using kill controlled sludge and phytoestrogen spiked media to 

determine the amount of solid sorption that is taking place.   

 

5. Conclusions and recommendations 
 

 There is a lack of research into the role of phytoestrogens in widespread 

environmental endocrine disruption.  The goal of this thesis was to illuminate the role 

that phytoestrogens may play in the phenomena of endocrine disruption.  It is known and 

documented that phytoestrogens have the capacity to be EDCs in a variety of species 

including sheep (Bennets et al., 1946), bats (Serrano et al., 2007), mice (Jefferson et al., 

2007), and fish (Sassi-Messai et al., 2009).  This is coupled to the fact that 

phytoestrogens are present in high concentration in many plants that are processed in 
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large quantities, such as corn, wheat and particularly soy (Liggens, 2000), leading to the 

potential release of these EDCs into the environment if treatment is insufficient.   

Research into the sources of phytoestrogen discharge is absent from the literature.  

In fact, pulp and paper mills are the only industry to have been identified as releasing 

high levels of phytoestrogens.  Pulp and paper mills, however, only represent one 

potential source of phytoestrogen discharge to the environment.  My research was the 

first to perform a broad survey of industrial plant processing operations and the 

phytoestrogen level in their discharge.  Indeed, many of the industries that process plants 

known to contain high levels of phytoestrogens have never been investigated.  My 

research showed that the effluent of industries that process soy beans, such as biodiesel 

and soy oil refineries, contain high concentrations of the phytoestrogens daidzein and 

genistein.  I also found that industries that do not process plants, such as barbeque meat 

processors, can also have high levels of phytoestrogens in their effluent.  Some industries 

were discharging phytoestrogens at concentrations nearly 1000 times higher than the 

levels of natural and synthetic estrogens that enter WWTPs and up to 250 times higher 

than those levels at which fish effects have been observed.  This finding was particularly 

troubling because small towns dominated by such industries may have simpler 

wastewater treatment plants to treat this effluent.  In fact, in one city with a large soy oil 

processing facility I found that environmentally-significant levels of phytoestrogens were 

being released to surface water after the waste had been treated.   

In the second phase of my research, I expanded on these findings and focused on 

how to help treatment plants better handle this phytoestrogen-rich industrial effluent.  I 

operated laboratory-scale wastewater treatment reactors to determine how to optimize the 
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removal of phytoestrogens.  I theorized that removal of phytoestrogens could occur 

during either biological treatment or solid settling and removal.   

My research showed that increasing the time that bacteria spend in the activated 

sludge tank (i.e. increasing the SRT) led to increased removal of phytoestrogens.  The 

SRT is a variable that is relatively easily controlled in municipal WWTPs and could be 

an important means for controlling the environmental release of these compounds.  My 

research failed to conclusively show that phytoestrogens are removed mainly through 

biological means rather than through sorption to the solids.  Currently, solids removed 

from WWTPs are either incinerated or land applied as fertilizer.  While there are 

significant processing steps taken to ensure the safety of solids applied to farmland, it is 

possible that some estrogenically active compounds persist throughout this treatment.  

Future research should address this question through controlled solid sorption 

experiments.   

5.1 Recommendations  

My conclusions point to the need for treatment plants to understand the effluent 

characteristics of the industries that discharge to them.  This notion is especially 

important for industries that process large quantities of plants high in phytoestrogens like 

soy plants and beans.  One industry worth making special note of is the biofuels industry, 

especially the biodiesel industry.  Nationally, there was a 200 million gallon increase in 

the production of biodiesel and a 1,310 gallon increase in the production of bioethanol 

from 2006-2007.  With this rapid expansion of a major plant processing industry, it is 

more important than ever to understand the fate of phytoestrogens and the characteristics 

of industrial effluents under different treatment regimes.  In conclusion, it is 
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recommended that the effluent characteristics of all plant processing industries should be 

better understood and the expansion of plant processing industries should occur in a 

manner that ensures sufficient wastewater treatment will occur to prevent the possibility 

of phytoestrogen release.   
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