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ABSTRACT 

 

Ecological impacts of natural estrogens and xenoestrogens in treated wastewater 

include altered sexual development and sex ratios among continuously exposed 

organisms.  The primary sources of estrogenic activity in wastewater are natural 

estrogens such as estrone, 17β-estradiol and estriol and synthetic compounds like 17α-

ethinylestradiol, alkylphenols and alklphenol ethoxylates.  Precursors in raw wastewater 

can yield estrogenic intermediates during wastewater treatment.  All these compounds 

can be destroyed by biochemical processes conventional wastewater treatment processes, 

suggesting that conventional processes can be optimized for removal of estrogenic 

activity from wastewater.   

Sorption to sludges derived from wastewater treatment affects the fates of 

hydrophobic xenoestrogens such as nonylphenol, in part because the biodegradability of 

sorbed contaminants is limited.  It may also be possible to tailor sludge stabilization 

processes to remove trace contaminants, including estrogens.  For example, there are 

significant differences in the efficiencies of aerobic and anaerobic digestion for 

destruction of alkylphenols and probably other estrogenic compounds with aromatic 

moieties.   

Because advanced wastewater treatment is not economically feasible for most 

communities, there is ample incentive to develop accurate relationships between 

operational parameters and removal of estrogenic compounds during secondary 

wastewater treatment. 

 



   
   
                                                                                                                                             

 

23 

ABSTRACT-continued 

 

Large quantities of polybrominated diphenyl ethers (PBDEs) have been used as 

flame retardants in clothing and plastic products since the 1970s. A small fraction of the 

PBDEs in manufactured products subsequently enters municipal wastewater.  

The resistance of these compounds to chemical and biochemical transformations 

provides opportunities for accumulation in sediments. Balances developed for PBDE 

congeners indicate that conventional wastewater treatment processes and soil infiltration 

of treated wastewater in recharge operations do not discriminate significantly among the 

major congeners in commercially available PBDE products. Accumulation of PBDEs at 

near part-per-million levels was measured in the sediments at the Sweetwater Recharge 

Facility in Tucson, Arizona, during 10-15 years of operation. Half times for loss of major 

PBDE congeners from sediments were decades or longer. Local agricultural soils 

amended with biosolids over a 20-year period showed similar accumulation of PBDEs. 

The widespread use of PBDEs in commercial products, compound persistence and 

toxicity indicate that additional effort is warranted to better understand fate-determining 

processes for PBDEs in the environment. 
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CHAPTER 1 
 

INTRODUCTION 
 
 

Evidence for abnormalities in sexual development, increased incidences of 

hormone-related cancers, inequitable sex ratios and ecosystem collapse have all been 

traced to the effects of natural and xenoestrogens on organisms continuously exposed to 

wastewater treatment effluents or biosolids, even when those chemicals are present at less 

than microgram/liter concentrations.  The present reuse of treated wastewater for 

irrigation, manufacturing, and groundwater recharge means that it will become a 

dominant indirect source for potable water in the future, even if communities balk at 

directly recycling for drinking water.  Two factors will contribute to a dramatic increase 

in water reuse.  If population distribution patterns in the United States continue to exhibit 

migrations from colder to warmer climes as observed in the past decades, demands for 

water in the West will increase proportionately.  Secondly, if projected global warming 

effects become realized, the West (and especially the Southwest) U.S. will experience 

less winter rainfall (drought conditions), and hotter mean annual temperatures.  

Increasing the production rates of treated wastewater due to higher population needs 

while the available resource of potable water shrinks will increase the rate of water 

recycling of treated wastewater into potable water sources.  Although wastewater 

treatment is designed to reduce high concentrations of organic nutrients into the 

environment, and estrogenic chemicals are very minor constituents of the mixtures, 

understanding the efficiencies of current processing methods for reduction of endocrine 

disrupting compounds’ is critical.  Current levels of estrogens and xenoestrogens found in 
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wastewater plant outputs match the natural effective levels found in organisms’ 

bloodstreams.  Evidence of their detrimental effects on humans and ecosystems will rise 

accordingly with increases in water reusage using the same distribution of treatment 

technology level.  Since the majority of endocrine-disrupting compounds (estrogenic 

chemicals being a subset of this group) are concentrated and introduced into the 

environment through wastewater treatment outputs, investigating which conventional 

wastewater unit processing methods optimally increase the biochemical degradation of 

these compounds seems almost a mandate.     

The focus of my research and the organization of the dissertation is based on    

questions or research goals which are listed below and addressed by the results reported 

in the associated chapter(s) subsequently described: 

1) Which estrogenic compounds are prominent in wastewater treatment 

plants’ effluxes, and what factors and unit processes are critical to 

endocrine disrupting chemicals’ (EDCs) removal in conventional 

wastewater treatment?   

Appendix A contains an earlier version of the published paper  

“Removal of natural and xeno-estrogens during conventional wastewater 

treatment” which is a summary of the current research knowledge and 

theories on those chemicals that contribute the most estrogenic activity in 

wastewater, their environmental concentration ranges, and some of their 

known transformations during wastewater processing.  Full-scale plant 

mass balances are reviewed, and a proposed model for estrogenic 

compound removal during primary sedimentation was proffered.   
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2) Does testing for a variety of different wastewater treatment unit processes 

reveal differences in performance? 

Through-plant mass balances for six wastewater treatment plants 

with conventional and advanced unit processes were tested for their 

relative efficiencies in Chapter 2.1 ”Removal of estrogen and estrogenic 

activity during treatment of municipal wastewater – an Arizona survey.” 

 In Appendix B, the published paper “Fate of  polybrominated 

diphenyl ethers during wastewater treatment/polishing and sludge 

stabilization/disposal” reviews mass balances of PBDE flame retardants 

and their fate during wastewater treatment, recharge, and in sludge-

amended soils.  Although the results were conducted by other student 

researchers, and my involvement was limited to writing, and the literature 

review research, it was included in this collection because polybrominated 

diphenyl ethers (PBDEs) are used in some of my presented results.  The 

information on their chemico-physical characteristics and environmental 

physiological effects on wildlife as a contaminant are relevant to 

understanding why this group of chemicals is important.  They are 

representative of some compounds that are very recalcitrant to wastewater 

treatment.  In addition, the extraction methodologies developed by 

Jianmin Zhang and presented in this paper were used and modified for my 

work.  Most of the conclusive assumptions presented in this paper on the 

behavior of this biodegradatively refractory chemical group (the PBDEs) 

in the environment is reflected in my research.   
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3.) How does digestion affect critical endocrine-disrupting compounds?  If we 

add up the relative contributions of each of these chemicals, do they 

correspond to the collective estrogenic response as measured by two different 

bioassays?  

Chapter 2.3  reports the results of a study done on a thermophilic 

digester that was part of a project that studied three different digestion 

processes and one post-digestion treatment that is not included in this 

collection of papers, but has been published and available to private 

subscribers.  This study, WERF Project 04-HHE-6, “Fate of estrogenic  

compounds during municipal sludge stabilization & dewatering” was 

sponsored by the Water Environment Research Foundation (WERF), and had 

collaborators AECOM and USGS (U.S. Geological Service) who helped 

organize the collection of representative samples from four wastewater plants, 

and analyzed them for nearly 117 chemicals (respectively).  Samples from this 

study were run on two different in vitro bioassays to measure estrogenic 

activity: the yeast estrogen screen (YES) and the T47-KBluc transfected 

breast cancer cell assay.   

4.)  Is there a better way to quantify and compare the estrogenic responses for 

different bioassays? 

Analyzing the differential estrogenic responses of the YES bioassay to the 

KBLuc cellular assay for identical samples led to the development of a new 

method to quantify ligand-binding assays.  This is detailed in Chapter 2.2 
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“Introduction of a new method to measure hormonal bioassays: First Response 

Paper.”   

 

5.)  How well does a model predicting the fate of EDCs in primary settling 

and conventional secondary treatment perform?   

Further explorations into testing whether the model’s assumptions for 

prediction of estrogenic compounds’ fate during conventional treatment is valid is 

reported in Chapter 2.4,”Model of primary and secondary wastewater treatment of 

endocrine-disrupting compounds.” 
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CHAPTER 2 

PRESENT STUDY 

2.1 Removal of Estrogen and estrogenic activity during Treatment of 

Municipal Wastewater- an Arizona Survey 

2.1.1  Introduction 

 
 The presence of estrogens and estrogen mimics in municipal wastewater is widely 

acknowledged.  There are several well documented cases in which continuous exposure 

to estrogenic compounds in surface waters impacted by treated wastewater has resulted in 

feminization of male fish.  Impacts on human health are less certain and much debated. 

 A number of significant studies suggest that the primary estrogens in wastewater 

can be efficiently removed during wastewater treatment.  Detailed relationships between 

effluent estrogenic activity and treatment plant design and/or operational characteristics 

remain to be established.  Nevertheless, regulation of such compounds/activity in 

wastewater effluent is likely to receive attention among public agencies in the next few 

years. 

 Here we examine the performances of representative Arizona wastewater 

treatment facilities to the following ends: 

 (i) Establish treatment efficiencies in terms of estrogen removal and 

reduction of through-plant estrogenic activity for a diverse set of wastewater treatment 

plants. 

 (ii)  Explore mechanisms of estrogen removal, differentiating between 

biological and physical processes. 



   
   
                                                                                                                                             

 

30 

 (iii) Measure the contribution of 17β-estradiol (E2) to total estrogenic activity 

in wastewater, wastewater effluent and sludge derived from wastewater treatment. 

 (iv) Compare contaminant effluxes (E2 and total estrogenic activity) from 

wastewater treatment plants in effluent and biosolids. 

 (v) Separate the roles of aqueous-phase and adsorbed contaminants as 

determinants of estrogenic activity in wastewater streams. 

 

2.1.2 Wastewater plant description and general sample processing 

A total of six Arizona municipal wastewater treatment plants that provide a 

diverse set of treatment processes and operating efficiencies were included in the study 

(Table 2.1.2.1).  Plant sampling points were limited to influent, effluent and digested or 

undigested sludge.  The data were used to produce mass balances on E2, the primary 

estrogen in vertebrates, and total estrogenic activity at each facility in the survey.  E2 was 

measured using an immuno-based (ELISA) assay.  Total estrogenic activity was 

measured using the yeast estrogen screen (YES bioassay) of Routledge and Sumpter 

(1996) as amended by DeBoever et al. (2001).  This is a yeast-based in vitro bioassay in 

which total estrogenic activity is converted to an equivalent concentration of a known 

estrogenic compound – here 17α-ethinyl estradiol (EE2), an oral contraceptive.  The 

experimental design made it possible to measure plant performance in terms of influent-

to-effluent improvements in water quality.  However, because prominent estrogenic 

wastewater contaminants are fairly hydrophobic (Table 2.1.2.2), measurement of 

E2/estrogenic activity in solids derived from wastewater treatment (digested or undigested 

sludge) was necessary to distinguish between biochemical transformations and physical 
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removal mechanisms.  Process/ flow schematics and sampling points for each plant are 

provided (Figures 2.1.2.1-2.1.2.6). 

 

Table 2.1.2.1 Wastewater Treatment Plant Operating Parameters  
 

Plant Processes 
(Biological/Digestion) 

Flows 
(MGD) 

Solids 
Retention 

Time (SRT-
days) 

%BOD 
Removal 

%SS 
Removal 

%Total 
Nitrogen 
Removal 
(TKN) 

Influent to 
Effluent 

a. Avra 
Valley 

Oxidation ditch with no 
digestion 

1.065 18 99.3 98.5 93.9 

b. Roger 
Road 

Trickling filter with anaerobic 
digester.  Sludge piped to Ina 
Road for centrifuging. 

37.950 8.2 95.7 94.8 36.6 

c. 
Randolph 
Park 

Denitrification/ Nitrification / 
Membrane bioreactor and no 
digester. 

2.775 10 99.0 98.1 97.1 

d. Ina Road Activated sludge with 100% 
oxygen and anaerobic digester. 

20.650 0.41 93.6 93.6 (1.6) 

e. Wildcat 
Hill 

Trickling filter with enhanced 
solids contact (similar to 
activated sludge) with 
anaerobic digester. 

2.164 14.2 95.7 99.2 N/A 

f. Rio de 
Flag 

Nitrification/denitirificaton 
with no digester.  Sludge piped 
to Wildcat Hill for digestion. 

4.860 6.2 99.7 99.7 N/A 

 
 All samples were processed prior to measurement of E2 and total estrogenic 

activity (Figure 2.1.2.7).  The influent solids content of raw wastewater and hydrophobic 

character of E2 and other known estrogenic wastewater contaminants motivated the 

measurement of both dissolved (filterable) and particulate contributions to the total 

influent concentrations of E2 and total estrogenic activity.  Influent solids were separated 

via a combination of centrifugation (20 minutes, RCF = 17,000) and filtration using a 0.7 

µm glass fiber filter.  Both the liquid (filterable) and solid fractions were then extracted 

and analyzed.   
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Figure 2.1.2.1.  Avra Valley WWTF, Marana, Arizona    
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Figure 2.1.2.2.  Roger Road WWTP, Tucson, Arizona 
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sample point
 

Figure 2.1.2.3.  Randolph Park WWTF, Tucson, Arizona 
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Figure 2.1.2.4.  Ina Road WPCF, Tucson, Arizona 
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Figure 2.1.2.5.  Wildcat Hill WWTP, Flagstaff, Arizona 
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Figure 2.1.2.6.  Rio de Flag WWTP, Flagstaff, Arizona 
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Previous work indicated that suspended solids in treated wastewater provide a 

negligible contribution to overall estrogenic activity (data not shown).  Non-filterable 

solids from effluent samples were discarded without further processing. 

Table 2.1.2.2.  Properties of some natural estrogens and xenoestrogens found in 
wastewater.  Estrogenic activities are compared to that of E2 in order to obtain relative 
estrogenic activity (unitless), as measured by the Yeast Estrogen Screen  (YES). 

Mol. Wt       Water Sol.    Log Kow Relative estrogenic
(g/mol)           (mg/L) activity 

272.4 13 4.01, 3.10, 3.94         1.00

270.4 13     3.43, 3.13, 3.38, 2.45         0.38         

288.4 32    2.81, 2.6, 2.55              2.4x10-3

296.4 4.8 3.67, 4.15               1.19

220.4 1.16 5.92 2.5x10-5

(Relative estrogen potencies from Aerni, 2003; Harris, 1997)

Nonylphenol

 
 

    After centrifugation/filtration, all solid samples (sludges and non-filterable solids) 

were extracted in methanol using a microwave-accelerated extraction (MAE) procedure.  

About 1 gram (dry weight) of solid was suspended in 20 mLs of methanol and extracted at 

constant pressure (20 psig for 30 min.) using a CEM-MDS 2100 Microwave Digestion 

System.  Extracts were then diluted to 1 percent methanol with pure water, and 

hydrophobic organics, including estrogenic contaminants, were separated using a reverse-
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phase (C-18 octadecyl) resin (Empore, 3M).  A stepwise elution procedure was used to 

fractionate adsorbed organics based on relative hydrophobicity and to minimize 

interferences from matrix organics, including many of the toxicants that would alter 

estrogen-dependent response in the YES procedure.  Eluent fractions consisted of 10 mLs 

of 0.20, 0.50 and 0.80 (volume fraction) methanol in water. 

  After C-18 resin adsorption/stepwise elution, the resultant 90 samples (all plants, 

all sampling points and sample fractions) were split between Northern Arizona University 

for measurement of E2 and the University of Arizona for measurement of total estrogenic 

activity.  By preparing samples as described, it was possible to determine the relative 

contributions of solid and liquid fractions to E2 and total estrogenic activity in plant 

influents, compare E2 concentrations to total estrogenic activities and so forth. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.2.7.  Sample processing schematic leading to measurement of 17β-estradiol 
(E2) and total estrogenic activity at Arizona wastewater treatment plants.   
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2.1.3   Detailed descriptions of sample preparation procedures 

 

2.1.3.1 Centrifugation/filtration   

Samples were separated into liquid and solid portions using a Beckman  

centrifuge with a JA-10 rotor (20 minutes, RCF = 17,000).  The liquid portions were then 

decanted off and filtered with a 3.0 µm Pall glass fiber filter.  The filtrate was refiltered 

using 0.7 µm Pall glass fiber filters. 

 

2.1.3.2. Separation on C-18 resin 

Hydrophobic organics were extracted from 0.7 µm-filtered samples using 47-mm 

C-18 disks (3M Empore) preconditioned with two 10-mL volumes of 100% ethyl alcohol 

(Aaper) and 10 mL of Nanopure (Nanopure Infinity) water.  Organics adsorbed on the C-

18 disks were sequentially eluted using 10 mL of 0.2 (volume fraction CH3OH) 

methanol/water solution followed by 10 mL of a 0.5 methanol/water solution and then 10 

mL of 0.8 methanol/water solution.  Eluates were dried under nitrogen gas and 

redissolved in Nanopure water to yield final concentration factors of 200-500x for 

analysis using the YES assay.  Samples to be analyzed for E2 were redissolved in 100% 

methanol. 

 

2.1.3.3. Extraction procedure (solids) 

A microwave-assisted extraction (MAE) procedure was utilized.  Extraction 

vessels were charged with approximately 1 g (dry mass) of sample and 20 mLs of 
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methanol.  Extractions were performed using a CEM MDS 2100 microwave digestion 

system at 20 psig for 30 minutes.  Reactor contents were then cooled for 45 minutes 

inside the microwave unit before liquids were decanted into muffled glass vials.  

Methanol extracts were evaporated to 1 mL under nitrogen gas.   

 Methanol MAE extracts were diluted to ~ 1% methanol (v/v) in Nanopure water 

before organics were separated on C-18 octadecyl disks (Empore, 3M).  Adsorbed 

organics were separated via differential elution in a stepwise methanol gradient, dried and 

resuspended in water or methanol, per above. 

 

2.1.3.4. Yeast Estrogen Screen (YES) Bioassay 

The YES bioassay of Routledge and Sumpter (1996) as modified by de Boever et 

al. (2001) was used to measure estrogenic activity. Each sample concentrate was serially 

diluted across 10 wells of a 96-well micro-titer plate (Costar).  Each dilution series was 

initiated by placing 100 µL of sample concentrate in the first well of a single row.  Fifty 

µL was transferred to the second column and mixed with 50 µL of Nanopure water (2-

fold dilution per step).  The process was repeated across each row to produce a maximum 

dilution factor of 29.  Fifty µL of Nanopure water that was pretreated via passage through 

the C-18 resin was added to wells 11 and 12 of each row to serve as (negative) process 

controls.  The 8 rows of each 96-well plate provided replicate data (n = 8) for estimation 

of experimental error.  A standard series was developed in a similar manner with each set 

of measurements using concentrations of EE2 from 1.0 x 10-7 to 5.0 x 10-12 M.  The 

Saccharomyces cerevisiae strain used was provided by John Sumpter of Brunel 

University, Oxbridge, U.K. 
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 Yeast cells were grown in the Routledge/Sumpter medium to (A630) 1.0 cm-1.  The 

culture was then diluted in the same medium to an absorbance (A630) of 0.133 cm-1, and 

150 µL of the diluted suspension was added to each well of the 96-well plate (total 

volume 200 µL).  The resultant A630 value in each well was then about 0.10 cm-1.  Plates 

were incubated for 24 hours at 32º C for growth of S. cerevisiae and estrogen-dependent 

expression of lacZ.  At that point, 50 µL of cycloheximide/CPRG (chlorophenol red β-D-

galactopyranoside) solution consisting of 3 mL of autoclaved Nanopure water, 2 mL of 

10 mg/mL cycloheximide, and 200 µL of 10 mg/mL CPRG was added to each test well.  

Following an additional 24-hour incubation at 32º C for β-galactosidase-dependent color 

development, absorbance was measured at 570 nm (β-galactosidase activity) and 630 nm 

(turbidity).  The contribution of cell-dependent light scattering to A570 measurements was 

determined by measuring the ratio of A570/A630 (here defined as R) in the negative control 

wells.  β-galactosidase activity was then corrected to A570 – R x A630. 

 Dose-response curves were plotted for environmental samples and the positive 

(EE2) control.  A Student’s t-test was used to identify a “first response”.  The first 

response (FR) is defined here as the highest dilution (or lowest concentration) in which a 

one-way Student’s t-test indicates a significant difference (t > tcrit) in the means of sample 

replicates (or positive controls) and the negative controls.  Measurements were 

considered different than control data (rejection of null hypothesis) based on sliding scale 

of alpha levels dependant upon the average standard error.  Each sample dilution set of 

replicates and one control set of replicates had their averages and standard deviations 

calculated.  The average standard error is the dilution sets’ standard deviation divided by 

its mean.  The average of all the samples and control’s average standard errors is 
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computed to determine the significance level (the α level) and the corresponding critical 

t-value which relates to the degrees of freedom for each dilution’s replicates.  This sliding 

scale was introduced because there is a large variability in the standard deviations for 

sample’s estrogenic response. The table below details the ranges of Average Standard 

Error and the corresponding t values.   

Table 2.1.3.1 First Reponse method determination for calculating the YES bioassay 
significance level for samples using average standard error cutoff ranges and degrees of 
freedom (DF) = n1 (test group) + n2 (control group) – 2. 
 
 
Average Standard Error 
(ASE) 

Critical 
t-value 
for EE2 
(DF = 14) 

Critical 
 t-value 
for sample 
(DF = 6) 

Significance 
Level  
(α) 
 

<0.060 5.75 10.25 0.000025 
0.060<ASE<0.080 5.36 9.08 0.00005 
0.080≤ ASE <0.118 4.50 6.79 0.00025 
0.118≤ ASE <0.126 4.14 5.96 0.0005 
0.126 ≤ ASE <0.155 3.33 4.32 0.0025 
0.155 ≤ ASE <0.330 2.98 3.71 0.005 
0.330 ≤ ASE 1.35 1.44 0.01 
 

A similar approval was adopted to determine the onset of toxicity using light 

scattering (A630) data.  Because there is much less variability in the toxicity readings of an 

environmental sample as compared to its readings for estrogenic response (β-

galactasidase), sample toxicity used a static level of alpha significance (the α level = 

0.005).  That is, A630 values were compared to those of the negative control series using a 

one-way test.  The onset of toxicity was apparent when the sample dilution series 

produced values that were significantly lower than the negative controls (α < 0.005). 
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The following procedure was used to convert FR data to determine EE2 

concentrations: 

• Determine the highest dilution at which the mean A630 of the sample group 

was less than that of the negative control series.  This dilution was the 

“first toxicity” dilution (FT).  FT+1 is then the first dilution at which there 

was no distinguishable sample toxicity. 

• If the FT+1 dilution was lower concentration than the FR dilution, the 

sample was classified as toxic, and the estrogenic activity of the sample 

was not estimated.  When the FT+1 dilution was less or equal to than the 

FR dilution, the FR dilution was accepted as a valid assay result.  The 

sample first response (FR) was then converted to an equivalent 

concentration of EE2 using: 

         EEQ = ECFR/(FR *CF)  

where CF is the initial concentration factor of the sample extract (generally 200 to 

1500), ECFR is the lowest concentration of EE2 in the standard series that 

produced a statistically significant response, and FR is the highest sample dilution 

with a statistically significant response.  EEQ is the sample estrogenic activity, 

expressed as an equivalent concentration of EE2.  The minimal detection limit for 

most liquid samples is 1.0 x 10-12 mol EE2 equiv. activity / Liter of sample or  

3.0 x 10-13 mol EE2 equiv. activity/gram dry weight of sample 

 

 

 



   
   
                                                                                                                                             

 

42 

1.3.5. E2 Measurement 

The following materials were used to develop the ELISA: BSA-E2 (1mg/ml): β-

Estradiol 6-(O-carboxymethyl)oxime: BSA [Sigma-Aldrich, E5630; ~30 mol steroid per 

mol BSA] dissolved in buffered sodium tetraborate decahydrate [Sigma-Aldrich, 71999; 

pH 9.0-9.5 (0.1 M in H2O), ≥99.5% (T)], adjusted to pH 8.3; E2 (Sigma-Aldrich) stock 

solution (10 mM) in 100% Methanol. PBS at 0.1M: 182 g/L potassium phosphate dibasic, 

0.22 g/L sodium phosphate monobasic, 8.75 g/L sodium chloride, pH 7.4; Albumin from 

bovine serum (BSA) [Sigma-Aldrich, A-7906; lyophilized powder, pH~7 (1% in 0.15 M 

NaCl); primary antibody anti-estradiol, clone 6E1 [Chemicon, MAB 1233; monoclonal 

antibody, format: ascites, host: mouse, isotype: IgG, specificity/immunogen: Estradiol-6-

BSA]; secondary antibody goat anti-mouse [Pierce Biotechnology #31430; ImmunoPure 

Antibody, horseradish peroxidase conjugated, isotype: IgG]; 1-Step ™ Turbo TMB-

ELISA [Pierce Bioctechnology; 3,3´,5,5´ tetramethylbenzidine]; 96 well flat bottom 

microplate [Corning/Costar, 9018; Clear polystyrene plate, well volume 360 µl]. 

 

2.1.3.6. Making of BSA-E2 plate 

100 µl of 1.6 µg/ml BSA-E2 diluted in PBS were added to each well of a 96-well 

plate and incubated 1 hr at RT.  Wells were emptied and rinsed 3x with PBS.  300 µl of 

1% BSA in PBS were added to each well and the plate incubated 1 hr at RT (short 

procedure) or overnight at 4°C (long procedure).  Wells were emptied rinsed 3x with 

PBS. The plate was then left dry, wrapped in plastic wrap and stored at 4°C until needed. 

 

 

 



   
   
                                                                                                                                             

 

43 

2.1.3.7. ELISA Assay 

Dilutions of E2 were made into PBS. The highest concentration of E2 was used as 

starting point and all following dilutions made from the next higher one. Primary 

antibody was diluted 1:20000 into PBS. Equal volumes of primary antibody and free E2 

were mixed together and incubated for 60 min. 100 µl of each test solution as well as 100 

µl of anti-E2 as a positive control were added in triplicate wells to the plate, incubated for 

60 min. at RT. The wells were emptied, rinsed 3x with PBS and blotted dry. A 1:1000 

dilution of secondary antibody goat anti-mouse in PBS was made, 0.1 % BSA was added 

to this dilution and 100 µl of this solution were added to each well. Incubated for 20 min. 

at RT. Wells were emptied, rinsed 3x with PBS and blotted dry. 100 µl of full strength 

TMB were added to each well. Incubated for 30 min. in the dark. 50 µl of 1M HCl were 

added to each well. The absorbance was measured at 450 nm. 

 

2.1.3.8. Analysis of Water Samples 

The 1 ml samples provided by The University of Arizona were dried down 

completely, re-dissolved in ~ 500 µl methanol, transferred to smaller vials, dried down 

completely and re-dissolved in 100 µl methanol (makes a 10x concentration from the 

original 1 ml).  10% of the total sample volume was used for a direct (1:1) analysis, 50% 

of this sample volume was used for making two dilutions (1:2; 1:4).  Samples were 

analyzed as described above using a competitive ELISA assay. A standard curve 

consisting of 8 known E2-concentrations in the range of 0 – 3 ng/ml was used on each 96-
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well plate in addition to the 8 extract samples per plate (using the undiluted sample and 

the 2 dilutions).  All samples ran parallel to the standard curve.   



2.1.4  Results  

 

 

 

 

 

 

 

 

 
 
Figure 2.1.4.1.  YES bioassay data for Wildcat Hill WWTP influent (representative data) 
filterable liquids (initial concentration factor, 445X. Relative activity (vertical axis) is 
referenced to the maximum response in the positive control (EE2) series.  Percentages in 
the legend refer to volume fraction MeOH during differential elution.   
 
 
 

 

 

 

 

 

 

 

 

Figures 2.1.4.2.  YES data for Wildcat Hill WWTP influent liquid sample’s optical 
density  illustrates the sample’s toxicity in the 50% and 80% eluate fractions.   
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Figure 2.1.4.3. Extracts from non-filterable influent solids from the Wildcat Hill WWTP 
run on the YES bioassay for different eluate fractions 20%, 50%, 80%.   
 
 

 

 

 

 

 

 

   

 

 

Figures 2.1.4.4.  Optical density data for Wildcat Hill WWTP influent solids shows no 
sample toxicity. 
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The data illustrate the effect of sample toxicity on YES data.  Toxicity-related 

problems were minimized by using data representing the earliest measurable effects – 

highest dilutions at which either estrogenic activity or toxicity effects were statistically 

observable.  For the filterable fraction (Figures 2.1.4.1 and 2.1.4.2), it is evident that the 

80% methanol eluate was much more estrogenic that either the 20% or 50% methanol 

fractions.  The 80% fraction was also the most toxic.  Cell growth was inhibited at all 

sample dilutions < 6 x 10-3, so that estrogenicity data in that dilution range were not used 

to estimate total estrogenic activity.  In the non-filterable extract (Figures 2.1.4.3 and 

2.1.4.4), the 50% methanol showed the greatest estrogenic activity.  There was little 

evidence of toxicity except perhaps at the lowest sample dilution (0.2) of the 50% 

methanol fraction. 

 Sludge extracts were generally more toxic that samples derived from liquids.  

Sample estrogenic activities (equivalent concentration of EE2) and the results of E2 

measurements are compiled in Tables 2.1.4.1 and 2.1.4.2.  A plant-by-plant description of 

results, including balances on E2 and total estrogenic activity, is provided below (Figures 

2.1.4.5 – 2.1.4.10). 

 



Table 2.1.4.1.  Summary E2 data by wastewater treatment plant, sampling point, and 
sample fraction 
Facility Elution 

fraction 
(MeOH) 

Influent 
/filterable 
(Mol/L) 

Influent/non-
filterable 
(Mol/L) 

Effluent 
(Mol/L) 

Sludge 
(Mol/L) 

(centrate) 

Sludge 
(Mol/L) 
(solids) 

Sludge 
(Mol/kg) 
(solids) 

Roger Road 0.2 
 

2.16 x10-11 2.78 x10-12 1.08 x10-11 2.89x10-11 ND ND 

 0.5 9.46 x10-12 ND 5.41 x10-12 2.04 x10-11 ND ND 
 0.8 1.56 x10-13 ND 4.29 x10-12 2.62 x10-11 ND ND 
 Σ 3.12 x10-11 2.78 x10-12 2.05 x10-11 7.55 x10-11 ND ND 
 ΣΣ 3.40 x10-11 2.05 x10-11 7.55 x10-11  
Ina Road 0.2 

 
4.91 x10-12 6.82 x10-12 3.34 x10-12 1.56 x10-12 6.68 x10-11 3.71 x10-9 

 0.5 3.06 x10-12 9.16 x10-12 5.24 x10-12 3.97 x10-11 ND ND 
 0.8 1.50 x10-11 ND 4.64 x10-12 ND ND ND 
 Σ 2.30 x10-11 1.60 x10-11 1.32 x10-11 4.13 x10-11 6.68 x10-11 3.71 x10-9 
 ΣΣ 3.90 x10-11 1.32 x10-11 1.08 x10-10  
Avra Valley 0.2 

 
9.67 x10-12 1.35 x10-11 1.57 x10-11 3.99 x10-11 1.02 x10-10 1.11 x10-8 

 0.5 8.07 x10-12 2.37 x10-12 2.18 x10-11 1.54 x10-11 1.28 x10-10 1.40 x10-8 
 0.8 1.46 x10-11 ND 1.57 x10-11 6.14 x10-12 3.41 x10-11 3.73 x10-9 
 Σ 3.24 x10-11 1.59 x10-11 5.32 x10-11 6.15 x10-11 2.64 x10-10 2.89 x10-8 
 ΣΣ 4.83 x10-11 5.32 x10-11 3.26 x10-10  
Randolph 
Park 

0.2 
 

1.20 x10-11 2.68 x10-12 1.56 x10-11 2.75 x10-11 4.89 x10-11 1.19 x10-8 

 0.5 7.53 x10-13 4.05 x10-12 1.02 x10-11 1.61 x10-11 1.53 x10-11 3.74 x10-9 
 0.8 2.90 x10-12 ND 1.65 x10-11 1.97 x10-11 ND ND 
 Σ 1.57 x10-11 6.73 x10-12 4.23 x10-11 6.32 x10-11 6.43 x10-11 1.57 x10-8 
 ΣΣ 2.24 x10-11 4.23 x10-11 1.28 x10-10  
Rio de Flag 0.2 

 
1.59 x10-11 1.52 x10-11 8.46 x10-12 8.12 x10-11 5.15 x10-11 1.72 x10-9 

 0.5 3.06 x10-11 1.17 x10-11 5.71 x10-12 1.18 x10-10 7.08 x10-10 2.36 x10-8 
 0.8 1.84 x10-12 ND 7.66 x10-12 3.26 x10-11 7.38 x10-11 2.46 x10-9 

 Σ 4.83 x10-11 2.68 x10-11 2.18 x10-11 2.32 x10-10 8.33 x10-10 2.78 x10-8 
 ΣΣ 7.52 x10-11 2.18 x10-11 1.07 x10-10  
Wildcat Hill 0.2 

 
4.29 x10-12 1.25x10-11 4.58x10-12 4.25 x10-11 ND ND 

 0.5 5.82 x10-12 8.06x10-12 3.51x10-12 1.78 x10-11 ND ND 
 0.8 1.71 x10-12 9.68x10-13 ND 1.47 x10-11 6.20 x10-12 2.07 x10-10 
 Σ 1.18 x10-11 2.15x10-11 8.08x10-12 7.50 x10-11 6.20 x10-12 2.07 x10-10 
 ΣΣ 3.33x10-11 8.08x10-12 8.12 x10-11  

 
Notes:  Σ, sum of contributions from 0.2, 0.5 and 0.8 (volume fraction methanol) eluates.  
ΣΣ, sum of both solid and liquid contributions to sample. ND means “not detected.” 
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Table 2.1.4.2.  Summary of total estrogenic activity measurements by wastewater 
treatment plant, sampling point, and sample fraction. 

Facility

Elution 
Fraction 
(MeOH)

Influent 
(liquid) 
(M/L)

Influent 
(solid) 
(M/L)

Effluent 
(M/L)

Sludge 
Liquid 
(M/L)

Sludge solid 
(M/L)

Sludge solid 
(Mol/kg)

Roger Road 0.2 1.32E-10 4.58E-12 4.12E-12 2.11E-09 9.69E-10 5.44E-08
0.5 5.27E-10 T 2.63E-10 1.05E-09 1.94E-09 1.09E-07
0.8 2.63E-10 T 5.27E-10 ND T* T*
∑ 9.22E-10 4.58E-12 7.94E-10 3.16E-09 2.91E-09 1.63E-07
∑∑ 7.94E-10

Ina Road 0.2 9.14E-13 ND 4.57E-13 ND 5.11E-10 2.84E-08
0.5 2.93E-11 1.80E-12 2.93E-11 ND 1.02E-09 5.67E-08
0.8 5.85E-11 3.60E-12 5.85E-11 2.60E-10 1.02E-09 5.67E-08
∑ 8.87E-11 5.41E-12 8.82E-11 2.62E-10 2.55E-09 1.42E-07
∑∑ 8.82E-11

Avra Valley 0.2 1.65E-11 2.13E-10 ND ND 8.46E-11 9.24E-09
0.5 1.05E-09 4.26E-10 3.29E-11 ND ND ND
0.8 1.05E-09 T 1.65E-11 2.63E-10 T T
∑ 2.12E-09 6.38E-10 4.94E-11 2.63E-10 8.46E-11 9.24E-09
∑∑ 4.94E-11

Randolph Park 0.2 3.29E-11 3.08E-12 ND ND ND
0.5 5.27E-10 ND ND ND 2.59E-11 6.31E-09
0.8 6.58E-11 T 4.12E-12 5.27E-10 3.23E-12 7.89E-10
∑ 6.26E-10 3.08E-12 4.12E-12 5.27E-10 2.91E-11 7.10E-09
∑∑ 4.12E-12

Rio de Flag 0.2 1.48E-11 1.56E-12 ND ND T T
0.5 T* 6.23E-12 ND ND ND ND
0.8 5.91E-11 1.25E-11 ND ND 1.17E-11 2.03E-09
∑ 7.39E-11 2.02E-11 ND ND 1.17E-11 2.03E-09
∑∑ 9.41E-11 ND

Wildcat Hill 0.2 5.14E-13 8.36E-13 3.75E-12 ND T*
0.5 6.58E-11 6.69E-12 3.75E-12 T 3.64E-10 2.66E-08
0.8 3.29E-11 3.34E-12 1.20E-10 T* 3.64E-10 2.66E-08
∑ 9.92E-11 1.09E-11 1.28E-10 T 7.28E-10 5.32E-08
∑∑ 1.28E-10

2.76E-09

6.29E-10

1.10E-10

3.48E-10

5.56E-10

1.17E-11

7.28E-10

9.26E-10 6.07E-09

9.41E-11 2.82E-09

 
 
Notes:  Σ, sum of contributions from 0.2, 0.5 and 0.8 (volume fraction methanol) eluates.  
ΣΣ, sum of both solid and liquid contributions to sample.  ND means non-detect; no 
estrogenic response and no toxicity noted; T means no estrogenic response measured, but 
cell toxicity seen; T* means that the dilution of estrogenic first response coincides with 
some toxicity, so this would imply that the equivalent concentration is the minimal 
estrogenic response, and could have been higher if toxicity was not present, so no 
concentration was calculated.      
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Figure 2.1.4.5.  Roger Road mass balance 

 

 The relative contribution of influent suspended solids to E2 and overall total 

estrogenic activity consistently differ in distribution at all the sampled wastewater plants.  

Results from the six facilities show that 0.005 - 0.300 (1/16 - 1/3) of the mass flow-

adjusted concentrations of total estrogenic activity were derived from influent non-

filterable solids in comparison to the influent liquid filterable phase.  The relative 

weighting of E2 between the liquid and solid phases reveals that the solids associated 

steroid allocation ranges from 0.089 – 0.70; most plants’ E2 is almost equally split 

between the two phases.  There is one exceptional measurement (Wildcat Hill), where not 

only does E2 solids-associated concentration is almost double that of the liquid phase, but 

the combined total concentration is higher than the total estrogenic activity measured by 

the YES bioassay.  These discrepancies may be related to some error in that particular 

ELISA sample result. 
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The influent-to-effluent reductions in E2 and total estrogenic activities were 40% 

and 10%, respectively.  Relatively little of the influent-to-effluent reductions can be 

accounted for in sludge extracts.  The overall plant mass balance on E2 indicated that 

38% is lost during treatment, while total estrogenic activity reduction is 14%, suggesting 

that the predominant mechanism for E2 disappearance is biochemical transformation as 

opposed to adsorption on solids.  The estrogenic potencies of E2 and EE2 are similar, so 

that measured E2 concentrations accounted for only 3.7% of the total estrogenic activity 

in the plant influent, 2.6% in the effluent and 1.2% in the digested sludge. 

 

 

 

 

 

 

  

 Figure 2.1.4.6. Ina Road mass balance 

The Ina Road mass balance was complicated by the influx of digested sludge 

from the Roger Road facility, which is dewatered via centrifugation with the plant’s own 

digested sludge.  Unfortunately, the solids sampling location was beyond the dewatering 

station, so that the contributions of the Roger Road and Ina Road sludges to the effluxes 

of E2 and total estrogenic activity in dewatered solids cannot be separated.  Instead, the 

balance is based on the combined contaminant efflux in dewatered sludge.  Centrifuge 
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centrate, which is recycled internally, was ignored in the analysis.  Both the influent-to-

effluent removal and overall removal of E2 at Ina Road were 66%.  The corresponding 

removals of total estrogenic activity were 6% and 44%, suggesting that other 

determinants of total estrogenic activity were differently affected by the Ina Road 

treatment process.  The ratio of E2 to total estrogenic activity decreased with progressive 

treatment; influent had almost half of its estrogenicity related to measured E2 

concentration (0.414) dominating in the liquid phase, so E2 was a major constituent to the 

YES response.  The relative contribution of E2 in the effluent dropped to 0.150.  In the 

anaerobically digested dewatered sludge, E2 decreased to becoming a minor contributor 

(0.024) even though the hormone was carried almost equally by the liquid and solid 

phases.  Despite the transfer of digested sludge from Roger Road to the Ina Road facility, 

the total effluxes of E2 and total estrogenic activity at Ina Road were dominated by the 

plant effluent (more so for E2 than for total estrogenic activity).  

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.1.4.7.  Avra Valley mass balance 
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  The most obvious differences in facility performance at Avra Valley were 

the relatively high efficiency with which total estrogenic activity was removed (~ 98%, 

influent-to-effluent and overall) and the lack of removal of E2.  The effluent 

concentration of E2 was slightly higher than the influent concentration (although perhaps 

within experimental error), and the total efflux of E2 from the plant was 23% higher than 

the influx.  The latter difference may also lie within the range of sampling and analytical 

error, or E2 may actually be produced during wastewater treatment via the breakdown of 

conjugated excretion products.  Although E2 again appears to contribute little to total 

estrogenic activity in the plant influent (the E2/ total estrogenic activity ratio is 0.017), the 

residual estrogenic activities in both plant effluent (1.078) and (undigested) sludge 

(0.936) are apparently dominated by E2.  There is the demonstrated possibility, as 

reported in other research studies of six activated sludge plants in Rome (D’Ascenzo, 

2003), that observed increases in natural estrogens (especially E2) occur due to 

deconjugation.  Hormones in the human body and upon emission are in conjugated form 

with sulfonate and glucuronide groups.  Conjugated hormones are not bioactive; that is 

they do not register positively in in vitro studies, and are more resistant to biodegradation.  

At the end of secondary treatment, some of the hormones have become deconjugated due 

to the microbial activity of fecal bacteria, whereupon they become actively “estrogenic”.  

Deconjugation effects would be evidenced by a perceived increase in the tracked 

hormone, as seen in this plant.  Further evidence suggests that free estrogens can become 

conjugated during anaerobic digestion, which would show as “decreases” in the measured 

estrogens (Mes, 2008).  Because there is no aerobic digestion at this plant, it is notable 
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that the ratio of E2 to total estrogenic activity in both effluxes of the plant (effluent and 

sludge are both dominately E2 and almost the same.  As seen at other treatment facilities, 

the effluxes of E2 and total estrogenic activity in plant effluent are nearly an order of 

magnitude greater than their respective mass flow rates in sludge.  For total estrogenic 

activity, it seems that biochemical transformation is the dominant removal mechanism in 

the plant. 

 
 
 
 
 
 

 

 

 

  

Figure 2.1.4.8.  Randolph Park mass balance 

 

 The performance at the Randolph Park facility was similar to that of Avra Valley 

in that (i) E2 accounted for only <4% of the total influent estrogenic activity, (ii) total 

estrogenic activity was attenuated by > 97% in the influent-to-effluent and overall plant 

balances, (iii) the efflux of E2 from the plant was greater than the flux of E2 in the plant 

influent,  (iv) the efflux of E2 in the plant effluent was an order of magnitude greater than 

the corresponding mass flow rate in sludge and (v) levels of E2 and total estrogenic 

activity in undigested sludge were similar.  Influent to effluent and through-plant 
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increases of E2 registered 73% and 91% respectively.  The ratio of E2 to total estrogenic 

activity increased from influent (0.036) to effluent (10.281), but still was a fairly 

substantial component in emitted undigested sludge (0.229).  The possibility of an 

erroneous measurement in the ELISA’s E2 effluent concentration is likely: the effluent 

mass flux is an order of magnitude greater than the samples’ YES bioassay’s total 

estrogenic activity, and greater than the plant’s  E2  influent mass flux. 

 

 

 

 

 

  

 

Figure 2.1.4.9.  Rio de Flag mass balance 

 

The Rio de Flag facility is similar to Randolph Park and Avra Valley in that all 

were designed to produce a high quality effluent and none provides digestion ahead of 

sludge disposal or discharge.  Rio de Flag sludge is pumped to the Wildcat Hill plant 

(also in Flagstaff) for central digestion and dewatering prior to disposal.  Plant 

performance is also similar to that of Avra Valley and Randolph Park efficient removal of  
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undigested sludge.  E2 removal influent-to-effluent (71%) and through-plant (63%) was 

less than the total estrogenic activity because its fluxes were greater than total estrogenic 

activity in the effluent and sludge samples, something that should not occur in the 

absence of biochemical antagonism. 

 

 

 

 

 

 

 

 

 

Figure 2.1.4.10  Wildcat Hill mass balance 

 

 Performance of the Wildcat Hill facility was qualitatively similar to that of the 

Roger Road and Ina Road plants.  Plant performance was not exceptional in terms of 

contaminant removal.  Influent-to-effluent attenuation of E2 was 77% compared to a 10% 

increase in total estrogenic activity.  Overall plant removals, which included the sludge 

derived from Rio de Flag, were 77% for E2 and 5% for total estrogenic activity.  Levels 

of total estrogenic activity were significantly higher than the E2 concentrations in plant 

influent (3x), effluent (16x) and digested sludge (> 9x).  Like the other facilities sampled, 
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the efflux of total estrogenic activity in effluent was greater than the mass flow (as EE2) 

in sludge.  This situation might arise, at least in part, from the co-digestion of Rio de Flag 

sludge at the Wildcat Hill facility (similarly to Roger Road digestion at Ina Road).  The 

efflux of E2 in digested sludge was almost one fourth of the mass flow rate of E2 in the 

Rio de Flag sludge, suggesting that E2 is efficiently transformed during anaerobic 

digestion.  On the other hand, the efflux of total estrogenic activity was approximately 

65% of the corresponding influx from Rio de Flag.  Other estrogenic chemical forms than 

E2 must contribute to the rest of the total estrogenic signal. 

  

2.1.5 Discussion 

 There are a number of encouraging consistencies in the E2 and total estrogenic 

activity data.  Measured levels of E2 in treatment plant influents, all of which represent 

largely domestic wastewaters, ranged from 2.2 x 10-11 M at Randolph Park to 7.5 x 10-11 

M at Rio de Flag.  Influent concentrations of total estrogenic activity fell between 9.4 x 

10-11 M (Ina Road) and 2.7 x 10-9 M (Avra Valley).  The consistency of these results 

seems acceptable in light of the chemical complexity of extracts derived from municipal 

wastewater, expected analytical error, potential toxicity (YES bioassay only).  The 

contributions of filterable liquids to influent levels of E2 and total estrogenic activity were 

significantly greater than that of non-filterable solids in all cases.  The result is mildly 

surprising in light of the hydrophobicities of wastewater contaminants with known 

estrogenic properties. 
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Because YES potencies of E2 and EE2 are similar, it is possible to estimate the 

contribution of E2 to total estrogenic activity by direct comparison in each sample.  

Influent E2 concentrations comprised less than 42% of the total estrogenic activity in 5 of 

the 6 plants; in one plant it constituted nearly 80% of the total activity.  Perhaps 

significantly, ratios at the two Flagstaff treatment plants were higher than most of those 

derived for Tucson wastewaters.   

 

Table 2.1.5.1.  Summary of fractional removals of E2 and total estrogenic activity.  
Summary data for the six facilities included in the study.  Increases are shown with 
parentheses. 
 

           E2 Total Estrogenic Activity 
Facility Influent-to 

Effluent 
Overall Influent-to-

Effluent 
Overall 

     
Roger Road 0.40 0.38 0.14 0.10 
Ina Road 0.66 0.66 0.06 0.44 
Avra Valley (0.06) (0.23) 0.98 0.98 
Randolph Park (0.73) (0.91) 0.99 0.97 
Rio de Flag 0.71 0.63 0.99 0.99 
Wildcat Hill 0.77 0.76 (0.10) 0.05 
 

 The proportional ratio between E2 and total estrogenic activity shows that for 

those treatment facilities with anaerobic digesters, the contributions of estradiol decreases 

from influent to sludge in contrast to the plants that discharge biosolids without reductive 

biodegradation where the ratio of the hormone to the total estrogenic activity increases, 

and actual E2 measurements in the exudates exceed the total estrogenic activity detected .    

This is reflected in the decided, although not altogether explicable, pattern in the 

removal efficiency data.  Two-log removals of total estrogenic activity at Avra Valley, 
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Randolph Park and Rio de Flag were accompanied by far less efficient removals or 

increases of E2.  Due to the apparent inefficiency in E2 removal, E2 was a major 

component of total estrogenic activity in the effluents of these facilities.  The small size 

of the Randolph, Avra Valley, and Rio de Flag plants suggests that wastewater travel 

times to these facilities are relatively short.  If so, estrogen metabolites may arrive at the 

plant in largely a conjugated state.  (Conjugation of E2 is an excretion strategy.)  Then if 

deconjugation is efficient during aerobic wastewater treatment, through-plant increases in 

E2 concentration are possible.   

 Removal efficiencies for total estrogenic activity paralleled expectations based on 

general plant performance indices.  That is, plants that best removed biochemical oxygen 

demand and suspended solids also removed total estrogenic activity (Tables 2.1.2.1 and 

2.1.5.1).  Nitrogen transformation efficiency was also correlated with loss of estrogenic 

activity (but not E2).  It has been suggested that nitrifying bacteria play a disproportionate 

role in the transformation of estrogenic compounds, in part because of the partial 

aromatic character of known estrogens.  Further investigation is also necessary in this 

area.   

 Total estrogenic activity increased during anaerobic sludge digestion despite low 

levels of E2 in anaerobically digested sludge.  It is possible that anaerobic treatment 

converted higher-chained ethoxylated alkylphenols to lower-chained or deethoxylated 

compounds (octylphenol and nonylphenol) that are more toxic and estrogenic as observed 

by others.  Alkylphenols and alkyphenol precursors may escape aerobic treatment via 

adsorption on primary sludges.  Further investigation is warranted in this area. 



   
   
                                                                                                                                             

 

60 

 The measurement of estrogenic compounds and total estrogenic activity in 

wastewater and sludge extracts remains inexact.  Measurement of E2 and EE2 at part-per-

trillion levels presents a challenge in most environmental settings.  Potential losses during 

sample preparation are worrisome.  Measurements of total estrogenic activities can reflect 

antagonisms among estrogenic and anti-estrogenic contaminants.  Matrix effects are 

likely to be important when organics are concentrated from wastewater or sludge 

samples.  Finally, toxicity effects can trouble the YES bioassay.  Additional groundwork 

in sample preparation and analytical steps is warranted to minimize potential sources of 

analytical error. 
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2.2 Introduction of a New Technique to Measure Hormonal Bioassays:  

First Response Method 

 

2.2.1 Introduction 

Since endocrine-disrupting chemicals’ (EDCs) effects on the health, development, 

and reproduction of wildlife and humans were first discovered in the late 1980’s, 

numerous in vivo and in vitro bioassays have been developed to measure receptor and 

non-receptor mediated mechanisms to more easily quantify, and understand changes 

wrought by EDCs (Zacharewski, 1998).  Biologic and medical research studies and the 

regulatory structures set up for validating effects of chemicals and drugs set as their 

testing goals definable endpoints such as toxicity, or cancerous lesions’ onset.  

Evaluations and measurements of ligand-binding bioassays are designed and regulated on 

a typically sigmoidal dose-response curve that should be definable by a 4 or higher 

parameter logistic model (Rodbard, 1974; Findlay, 2007).  The Food and Drug 

Administration’s guidelines for industry requires a predictive 4-parameter logistic model 

for drug research data verification (FDA, 2001).  Both the lower and upper limits of 

quantification (LLOQ, ULOQ) must be determined and supported by a logistic 

concentration-response relationship curve for all microbiological and ligand-binding 

assays.    

For example, in its study on nonylphenol  (a known EDC), the Canadian 

Environmental Protection Act (Canadian EPA, 2001) defines detrimental reproduction 

effects on sensitive fish populations as an assessment endpoint  and calculates estimated 
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exposure value and a no-effects value by dividing the critical toxicity value by the 

application factor used to achieve that endpoint effect.  Although many studies on EDCs 

using in vitro and in vivo tests will work well with measuring endpoints such as toxicity, 

the majority of research done on endocrine disruptors shows that the effects of these 

chemicals exhibit a continuum of in vivo physiological effects which do not relate to 

distinct measurable endpoints.  Moreover, measured dose-response endpoint comparisons 

between in vitro and in vivo test results often do not correlate.  Additionally, different in 

vitro bioassays exhibit divergent responses to the same estrogenic chemical test 

constituents (Fang, 2000; Andersen, 1999; Murk, 2002; Soto, 2006).   

The source of these differences could be related to how different EDCs can 

impact the expression pathway at multiple points.  Recent studies have provided clues to 

understanding these discrepancies by linking steroidal effects on specific gene regulatory 

signaling steps.   Some steps along the pathway include initial receptor-ligand binding, 

transactivation by co-regulators on the receptor-ligand complex, or interaction with 

estrogen-responsive elements at the promoter region, and followed by protein/enzyme 

production.  A comparative study of gene expression for different estrogenic test  lines 

derived from cancer cells of the breast, endometrium, and the kidney tracked 120  

estrogen-responsive genes that control various functions assigned to six different 

categories as determined by the Gene Ontology Entrez database (www.ncbi.nim.nih.gov): 

enzymes, signaling, proliferation, transcription, transport and others.  Results show that 

functional genes that relate to lipid and amino acid metabolism correlate similar estrogen-

responsiveness across divergent cell lines, and the largest differences seen in estrogen-
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modulated responses are related to transcription genes (Inoue, 2007). Statistical 

evaluation of gene expression between members of related xenoestrogenic compounds 

and 17β-estradiol (E2) provides insight on how structures can relate to estrogenic gene 

expression (Teraska, 2006).  Comparisons between closely related alkylphenols, 

chlorinated phenols, parabens, bis- and benzoylphenols show that additional benzene 

rings, chain length and structures along chains (including branching and types of bridging 

between groups), all regulate similarity of gene expression to that of the estrogen 

standard.  For example, alkyls with greater than two carbons linked to the phenol’s 4-

position (in the alkylphenols group) correlate highly to E2 gene expression.  Notably, not 

all up-regulated genes (those related to transport and transcription) correlate to their 

similarity of action to estrogen.  Down-regulated genes (enzymes and signaling) may act 

as suppressors with improved efficiency.  Using single groups of up- or down-regulated 

estrogen-related gene expression can not reliably predict estrogenic potency across 

widely divergent compounds, but may be useful in decoding the mechanistic processes 

within closely related chemicals (Teraska, 2006). 

  An example of one such chemical that effects a specific process in the steroidal 

biosynthetic pathway is arsenic.  Arsenic trioxide (ATO) is therapeutic for acute 

promyelocytic leukemia, and has been proposed as an effective treatment for prostate 

cancer.  However, it is linked to infertility due to abnormal spermatogenesis.  

Investigations revealed that ATO did not cause decreased AR ligand-binding, nuclear 

translocation, or suppression of AR protein production. Instead, critical inhibition of 
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androgen transcriptional activity was attributed to blockage of co-activator stimulation of 

the N (amine)- and C (carbon)-termini of the androgen receptor (Rosenblatt, 2009).    

Moreover, simultaneous “cross-talk” of genes and enzymes in the multi-pathway 

regulation of steroid production can complicate predictions of estrogen-responsiveness.  

The same pathways can be used by different signaling compounds for different steps.  

Recent novel research has used a human adrenal carcinoma cell line (the H295R system) 

to combine the ability to track the activity of enzymes correspondent to the changes in 

gene expression coincident to hormonal steroidogenenesis.  This study showed that 

steroid biosynthesis is controlled through complex interactions of the regulatory 

mechanistic actions of the genes, and enzymes of the endocrine system (Gracia, 2006).  

Cross-talk between these chemicals affect steroidogenesis, and can create non-additive, 

as well as synergistic effects.  

Environmental samples are measured by in vitro bioassays through direct 

comparison of a sample’s response to the positive control’s half-maximal (50%) 

response.  The equivalent concentration of this 50% level (the EC50) can be termed the 

Dilution 50%.  For less elevated responses, a 20% maximal response and its corresponding 

dose (EC20) can be used as well.  The estrogenic equivalent concentration of an 

environmental sample has conventionally been calculated using E2 (17β-estradiol) as the 

positive estrogen control standard, Dilution (Dil-50) as the concentration that coincides 

with the 50% maximal response, and CF as the concentration factor for the sample 

preparation (Korner, 2000):   
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E2 (17β-estradiol) equivalent activity  

of the environmental sample (E2-Eq) =  Dilution 50%,E2 / Dilution 50%,Sample * CF  

  

This has also been commonly termed the relative potency (RP) (Fang, 2000; Andersen, 

1999; Harris, 1997), or the relative binding affinity (RBA) (Andersen, 1999).  In addition, 

a comparison between the relative maxima between a test sample and the estrogen 

standard have been reported as the relative induction efficiency (RIE) (Fang, 2000), or as 

the % Maximum Response (Harris, 1997), where 17β-estradiol (E2) has an RIE of 100%.  

This calculation method requires that both upper and lower detection limits of the 

environmental samples show similar maximum and minimal ranges as produced by the 

estrogen standard.  Sigmoidal standard calibration curves are symmetric around the 

EC50, but the slope of the curve changes throughout, and response is a non-linear 

function of dosage.  Responses may be positively or negatively directly related to dosage 

concentration because of competitive binding and interaction of the analyte with an 

indirect indicator of binding. Toxicity from environmental samples suppress the optimal 

response due to inhibited cell population.  Chromatographic assays, on the other hand, 

directly quantify the substance with the analyte which produces a mean of the response 

that can directly correspond linearly to the dosage with better precision over a wider 

range of concentration (Findlay, 2007).  

Competition for ligand-binding sites, and complex geometries for samples within 

the estrogen receptor element produce variable responses for agonism and antagonism.  

Several studies done on correlating doses of analytical-grade chemical endocrine 
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disrupting compounds to in vitro studies show general correlations between the results for 

single identified compounds, which generally are maintained through the concept of 

concentration addition for dose-response results for in vitro bioassay-chemical results in 

mixtures.  Equivalently effective components of a mixture contribute similarly if the 

compounds act in a structurally active comparable way, even if they display different 

slopes for dose-response curves for individual constituents (Silva, 2002; EPA, 1986).  

However, our research results have shown discrepancies in how bioassays correspond to 

the projected chemical additive effects; in vitro reactions register significantly lower than 

the additive concentration model, or alternately, be inexplicably elevated relative to the 

saturated maximum of the estrogen standard.   

Perhaps this may be partially related to complicated ligand-binding interactions 

between the analyte, the binding reagent, and the matrix which can produce less precise 

responses in comparison to compound-specific chromatographic assays.  Additionally, 

ligand-binding assays have more limited assay ranges.  These factors increase cause 

concentration bias (deviation from the predicted dose-response curve) at the endpoints of 

the assay range (Findlay, 2007).    

 Tests with recombinant human estrogen receptors expressed in yeast cells linked 

to expression of β-galactosidase have been researched at least since 1988 (Metzger, 1988; 

Webster, 1988).   Glaxo first developed the recombinant yeast strain currently known as 

the yeast estrogen screen (YES) bioassay which was introduced into common usage by 

Routledge and Sumpter in 1996 (Routledge, 1996).  Serial dilution curves with 17β-

estradiol as a standard were generated for other estrogens and surfactants for comparison, 



   
   
                                                                                                                                             

 

67 

but the current standard protocol for calculating equivalent estrogenic activity 

concentrations was not presented for the YES assay until the following year when a 

survey of phthalate esters’ estrogenic properties were quantified (Harris, 1997).  

Significant analysis reviewing the statistical robustness of using the current standard 

protocol for estrogenic bioassays has not ever been explored to our knowledge (Fang, 

2000; Andersen, 1999; Harris, 1997; Conroy, 2005; Dhooge, 2006; Hu, 2006; Bui, 2008).  

A majority of researchers use an EC50 approach and it could be assumed they have 

assumed that the numerous estrogenic assays available (including the YES and KBluc 

bioassays we investigated) conform to the standard statistical analysis of a multiple-

parameter logistic curve model.  Our research looked at addressing some of the 

shortcomings apparent in this model and presents a novel technique for calculating 

equivalent estrogenicities in environmental samples.   

 

2.2.2 Sample extraction method 

Samples were collected in borosilicate amber jars (previously rinsed with 

methanol followed by hot water and muffled at 550˚ C for 12 hours) and were separated 

into liquid and solid fractions within 24 hours via a combination of centrifugation (20 

minutes, RCF = 17,000) and filtration using a 0.7 µm glass fiber filter (muffled at 500˚C 

for 3 hours) as recommended by EPA method 1699.  Both the liquid (filterable) and solid 

fractions were collected.  The solid fraction was extracted by microwave-accelerated 

extraction (MAE).  About 1 gram (dry weight) of solid was suspended in 20 mL of 

methanol and extracted at 20 psig for 30 min using a CEM-MDS 2100 Microwave 
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Digestion System.  The MAE extract was diluted to 1 percent methanol with ultrapure 

purified water (Barnstead Nanopure Infinity Ultrapure Water System).  Both the extract 

from the solid fraction and the liquid fraction from the original separation were run 

through reverse-phase (C-18 octadecyl) resin (Empore, 3M).  Stepwise elution from the 

resin fractionated adsorbed organics based on relative hydrophobicity. Previous research 

of our own (not shown) has shown this minimizes interferences from matrix organics, 

including many of the toxicants that retard yeast metabolism during the YES procedure.  

Eluate fractions consisted of 10 mL of 0.20, 0.50 and 0.80 (volume fraction) methanol in 

water.  Eluates were dried under nitrogen gas and redissolved in autoclaved ultrapure 

water to yield final concentration factors of 200-500x for analysis using the YES assay.  

Environmental test samples for the Kbluc assay were further 0.22 µm membrane filtered 

and diluted with estrogen-free growth media.   

 

2.2.3 Bioassay Methods 

2.2.3.1 Yeast Estrogen Screen (YES) Bioassay 

The stably transfected human estrogen receptor (ERα) recombinant yeast screen 

(YES) bioassay of Routledge and Sumpter (Routledge, 1996), and modified by de Boever 

(DeBoever, 2001) was used to measure estrogenic activity.  The recombinant strain of 

Saccharomyces cerevisiae was obtained from John Sumpter of Brunel University, 

Oxbridge, U.K.  The procedure was carried out by serially diluting each sample 

concentrate across 10 wells in a 96-well plate (Costar).  Each dilution series was initiated 

by placing 100 µL of a sample concentrate in the first well of a row.  Fifty µL was 
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transferred to the second well and mixed with 50 µL of ultrapure water.  The process was 

repeated across the row to produce a maximum dilution factor of 29 (2 fold dilution per 

step).    50 µL of ultrapure water was added to wells 11 and 12 of each row as (negative) 

process controls.  The 8 rows of each 96-well plate support analytic replication (n = 8) 

and estimation of experimental error.  A positive control series was developed in a 

similar manner using concentrations of EE2 ranging from 1.0 x 10-7 to 5.0 x 10-12 M.   

 Yeast cells were grown in the Routledge/Sumpter medium to (A630) 1.0 cm-1.  The 

culture was then diluted in the same medium to an absorbance (A630) of 0.133 cm-1, and 

150 µL of the diluted suspension was added to each well of the 96-well plate (total well 

content of 200 µL at this point).  The well’s resultant A630 was about 0.10 cm-1.  Plates 

were incubated for 24 hours at 32º C for growth of S. cerevisiae and estrogen-dependent 

expression of lacZ.  After incubation, 50 µL of cycloheximide/CPRG (chlorophenol red 

β-D-galactopyranoside) solution consisting of 3 mL of autoclaved ultrapure water, 2 mL 

of 10 mg/mL cycloheximide, and 200 µL of 10 mg/mL CPRG were added to each well.  

After an additional 24-hour incubation at 32º C for β-galactosidase-dependent color 

development, absorbance was measured at 570 nm (β-galactosidase activity) and 630 nm 

(turbidity).  The A570 contribution due to cell dependent light scattering was determined 

by measuring the ratio of A570/A630 (here defined as R) in negative control wells.  

Corrected β-galactosidase activity was calculated as A570 – R x A630.  Dose-response 

curves were plotted as log (concentration) versus fraction equivalent estrogenic activity.   

 

2.3.2 KBluc Bioassay 
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The stably integrated T47D-KBluc human breast cancer cell line containing a 

luciferase reporter gene linked to endogenous ERα and ERβ (Wilson, 2004) was also 

used to test environmental samples.  Cells were obtained from ATCC (Manassas, VT) 

and maintained with RPMI-1640 Medium supplemented with 10% fetal bovine serum 

(FBS)  (Hyclone, Ogden, UT) similar to the growth media and method described by the 

prescribed  protocol (Wilson, 2004), except no antibiotics were added to the media.  

Standards and samples were tested in 24-well plates where the wells were rinsed with 

estrogen-free media using 3% charcoal dextran treated FBS (Atlanta Biologicals, 

Lawrenceville, GA) and seeded with 5 x 104 cells/well in triplicate for each dilution.    

The plates were incubated for 48 hours at 35°C with 5% CO2.  Cells were harvested with 

lysis buffer, and 100 µL of the solution was transferred to 96-well luminometer plates 

with equal amounts of luciferin enzyme substrate (Promega, Madison, WI).  Luciferase 

activity was measured using an Analyst AD plate reader (Molecular Devices, Sunnyvale, 

CA).  The estrogenic calibration standard was ethynylestradiol (EE2) (Sigma-Aldrich, St. 

Louis, MO) in dilutions that ranged from 10nM to 1fM in triplicate.  Data were plotted as 

relative light units (RLU) versus EE2 concentration.  Blank negative controls consisting 

of media and cells comprised six replicates, while each sample included three replicates.  

 

2.2.4 First Response Quantification Method 

The First Response method is based on identifying the most dilute sample 

concentration that exhibits an estrogenic response statistically above the background 

response.  Samples with dose-response curves that occur in areas of high dilutions would 
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have to exhibit positive responses greater than the variability seen in the blanks and 

sample dilution responses, and could be considered identical to the minimal detectable 

dose as described by some statisticians (Rodbard, 1978).  A one-sided Student’s t-test 

was used to determine when a positive response of the sample or standard was 

significantly different than the background response.  The one-sided Student t-test for 

comparison between two populations with independent means is suitable for tests when 

the number of samples differ than that of the controls, and the dose-response curves vary 

in both slope and heteroscedasticity (noise in the response relating to dosage level).  

Description of the use of the Student’s t-test can be found in standard statistical texts, 

such as Bruning & Kintz (Bruning, 1997).  The degrees of freedom chosen in the t-test 

calculation are determined by the number of replicates in each test group.  The “First 

Response” is the first dilution (or the lowest concentration) in which the t-test indicates a 

significant difference (t > tcritical) between the means of the test group and the negative 

control group.   

In order to perform the t-test, it is necessary to select an alpha value to specify the 

level of statistical significance desired.  The t-critical value is based on the degrees of 

freedom in the experiment (DF = [N1 + N2]–2) where N1 + N2  are the number of 

replicates of the test group and control group respectively, and the user choice of alpha 

significance value for a one-tailed test (http://www.jeremymiles.co.uk/misc/tables/t-

test.html).   

We developed an empirical procedure called Significance Level Determination 

(SLD) to select the level of statistical significance (alpha) and corresponding critical t-
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values appropriate for analyzing a given set of data in either the YES or Kbluc assay 

(Tables 2.2.4.1 and 2.2.4.2, respectively).  The procedure is based on consideration of the 

magnitude of average standard error (ASE, standard deviation of each group divided by 

its mean) between each test group and the corresponding negative control group.  The 

ASE cutoff ranges and corresponding t values were developed through visual inspection 

of our existing database of assay results.  The database includes YES and KBluc assay 

results from 130 samples through four wastewater treatment plants, and 25 samples 

through one wastewater treatment plant, respectively. 

A similar First Response t-test analysis was performed to determine what data to 

exclude due to toxicity in the assay. The “first toxicity” (FT) response is determined only 

for the YES bioassay because of plate reader limitations for the KBluc assay.   An (FT) 

response concentration is determined for each individual assay dataset by measurement 

of optical density (light scattering) at a light absorbance of 630 nm (Abs630).  In this test, 

alpha is set at 0.005 for all optical density t-tests to determine FT.  The most dilute 

concentration considered to have cell toxicity is that which shows a significant difference 

(t > t critical) between the means of Abs630 in the test group and the negative control 

group.  In order for the first response (FR) to not be invalidated by co-occurrence of cell 

toxicity, the FR dilution must occur before the FT; that is, the FR must occur at a more 

dilute sample concentration than the FT concentration.  An additional criteria was 

adopted to avoid a small incidence of false positives that was noticed in data analysis. 

The FR was only accepted if the immediately higher (less dilute) concentration also was 

statistically above the baseline.  
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Table 2.2.4.1.  YES bioassay significance level for samples using the first response 

method (degrees of freedom (DF) = n1 (test group) + n2 (control group) – 2) 

 
Average Standard Error 
(ASE) 

Critical 
t-value 
for EE2 
(DF = 14) 

Critical 
 t-value 
for sample 
(DF = 6) 

Significance 
Level  
(α) 
 

<0.060 5.75 10.25 0.000025 
0.060<ASE<0.080 5.36 9.08 0.00005 
0.080≤ ASE <0.118 4.50 6.79 0.00025 
0.118≤ ASE <0.126 4.14 5.96 0.0005 
0.126 ≤ ASE <0.155 3.33 4.32 0.0025 
0.155 ≤ ASE <0.330 2.98 3.71 0.005 
0.330 ≤ ASE 1.35 1.44 0.01 
 

Table 2.2.4.2.  Kbluc bioassay significance level for first response method (degrees of 

freedom (DF) = n1 (test group) + n2 (control group) – 2) 

Average Standard Error 
(ASE) 

Critical t value (α) 
(where DF = 7) 

Significance Level 
(α) 

<0.1180 4.03 0.0025 
0.118≤ ASE <0.120 3.50 0.005 
0.120≤ ASE <0.155 2.36 0.025 
0.155 ≤ ASE <0.330 1.89 0.05 
0.330 ≤ ASE 1.41 0.1 

 

The breadth of the response deviations from the mean were significantly higher 

for the KBluc assay in comparison to the YES.  This is reflected in the ranges of the 

average standard errors (ASE) and the corresponding Significance Level of 

Determination (SLD) grouping bins.   The lower ranges of the SLD for the KBluc 

directly relate to the higher “noise” seen in the KBluc data and the lower confidence in its 

predictions, as the SLD directly relates to a sliding scale of alpha levels.     
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2.2.5 Results and discussion 

Use of Equivalent Concentration (EC50) or (EC20) protocols for analysis of 

concentration-response curves for the YES and KBluc bioassays has a number of 

shortcomings.  The following discussion enumerates these problems and illustrates how 

use of a first response, first toxicity protocol can mitigate them. 

    

1)  If an environmental samples’ maximum response is lower than the EC50 of the 

estrogen standard EC50 (see Figures 2.2.5.1 and 2.2.5.2), then two courses are 

possible.  Some researchers disregard lower than EC50 responses and note that 

during comparison testing (Andersen, 1999). These sub-minimal responses are 

essentially registered as equivalent to a non-detect and useful data may be 

unnecessarily lost.  Alternatively, researchers have calculated estrogenic activities 

based on responses for 20% of the estrogen standard (EC20), or even at 10% 

(EC10) (Legler, 2002).  However, an EC20, EC10 or any EC calculation will 

suffer the same issue of possible leftward translation of the estrogen standard 

detailed above (1) that can affect results.  The YES bioassay may be particularly 

prone to this shortcoming as it has been argued that it produces less sensitive and 

lower responses to estrogens and xeno-estrogens compared to mammalian assays 

(Legler, 2002).     
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Figures 2.2.5.1.  Environmental samples show toxic effects seen in a depression of β-

galactosidase expression (Abs570) in the YES bioassay. Figure 2.2.5.2 (following) shows 

that toxicity suppresses the reporter gene response so that the samples only attain an 

EC20 (estrogenic concentration equivalent to the 20% response of the estrogen standard 

curve).   
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Figure 2.2.5.2  YES bioassay results show a corresponding destruction of the cell 

monolayer as measured by optical density (absorbance at 630 nm) for the first four 

dilutions of sample S7-50%, and the first two dilutions of S7-80%.  Diminishment of 

yeast cell population depresses of estrogen-linked response in Figure 2.2.5.1.   
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2) Supra maximal responses frequently occur in environmental samples.  That is, a 

sample may often register a response above the maximum of the estrogen 

standard calibration curve.  These have sometimes been reported as relative 

induction efficiencies (Dhooge, 2006) over 100%.  An example can be seen in the 

Kbluc assay results in Figures 2.2.5.3 and 2.2.5.4.  The EE2 calibration standard 

attains a peak luminescence of approximately 65,000 RLU (Figure 2.2.5.3), 

whereas the three eluate fraction extracts of the environmental sample register 

from 80,000 to nearly 140,000 RLU (Figure 2.2.5.4) - significantly higher than 

the estrogen standard.  The interpretation of an EC50 is that it defines the dose at 

which 50% of the population expresses the response of interest. Supra maximal 

responses of samples versus the standard would logically then suggest that 

potentially greater than 100% of the population can express the response of 

interest. The FR approach avoids this interpretive conundrum as it simply 

quantifies the point in which a response is first detected without reference to the 

maximum response that might be elicited.     

 

3) Results cannot be compared between studies in which different EC levels are used 

to quantify the bioassay responses (although it is frequently done) unless the 

logistic curves for the responses have the same slopes throughout. This is often 

not the case, as response curves of considerably different shapes are commonly 

observed in our work and have been reported in the literature.  For example, the 

Kbluc bioassay often exhibits response curves that do not conform to a smooth 
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logistical (or sigmoidal) curve as would be expected.  Frequently, curves with 

differing sharpness of response and plateaus, or temporary suppressions are 

observed in the bioassay response to environmental samples  
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Figure 2.2.5.3.  KBluc bioassay’s ethynylestradiol standard curve does not conform to 

logistical format due to plateau seen between 10-13 and 10 –12 M concentrations.  In 

addition, the highest dilution (10-15) is above the average background control levels 

plus one standard deviation. 
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Figure 2.2.5.4.  KBluc bioassay’s sample dilution curves do not conform to a 

logistical format. Sample 183-11, 50% fraction exhibits two response plateaus even 

though dosage concentration decreases over 2 orders of magnitude: the first plateau 

occurs from the first dilution to the 10-3 dilution, when it drops and then holds steady 

from the 10-4 to 10-6 dilutions, after which it drops to control levels.  Anomalous sub-

control levels are also observed in the 20% fraction from the 10-5 to 10-7 levels, after 

which it rebounds to control levels with increasing dilutions. 
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and standards (Figures 2.2.5.3, 2.2.5.4).  These could be due to competitive and 

disparate effects of agonists and antagonists (Conroy, 2005; Dhooge, 2006; Silva, 

2006) in the same sample affecting different steps along the complex steps of 

transcription-activation ligand-binding assays.  Comparative results between 

calculations based on EC20 and EC50 of the same curve can show large 

disparities (see Table 2.2.5.1. below).    

 

4) Toxic compounds in environmental samples can depress cell growth (measured 

by the optical density at Abs630 nm) in a manner that correlates with increasing 

concentration, and accordingly suppresses β-galactosidase expression (Abs570) in 

the yeast estrogen screen (YES) bioassay (Figures 2.2.5.1. and 2.2.5.2).  It has 

been proposed that high pressure /temperature extraction methods commonly used 

for soils, sediment, and biosolids release toxic compounds during destruction of 

large organic macromolecules (humic substances) that complexed with these 

compounds (Aerni, 2004).  Some sulfur compounds also produce toxicity (Chen, 

2002) in the YES assay.  The FR method provides a reproducible, nonsubjective 

means to maximize data recovery in the face of cytotoxicity that usually affects 

bioassays near the highest concentrations of the environmental samples.  Because 

the FR method focuses on the lower concentrations of test samples, it will avoid 

the impact of toxic effects that are manifested at higher concentrations (such as 

might be related to a non-toxic containing sample’s EC50). 
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  In order to address some of these problems in a statistically supportable 

method, the FR method is focused on using a rigorous statistical test that only 

requires data in the more highly diluted areas of the sigmoidal response curve.  

This avoids the arbitrariness in shifting between quantification using EC20’s or 

EC50’s with varying maximum response of the standard curve or supra-standard 

sample responses.  In addition, the FR allows quantification of estrogenic 

responses for those sample curves where an EC50 approach is not possible due to 

sample toxicity.   

  Determining the background level of a zero response is critical to the 

determination, and some adaptations were incorporated in the FR method to 

transform data that did not conform to expectations that the highest dilution of the 

estrogen standard or sample should be essentially diluted to the zero dose 

response.  Specifically, the expectation was incorporated that the average 

response of the most diluted sample (or standard) should become horizontal 

within one standard deviation of the negative control response.   An example of 

where the standard ethynylestradiol curve did not meet this expectation is seen in 

Figure 2.2.5.3.   To correct this problem when it was observed, the amount of 

response above the background was deducted from each of the dilutions to 

basically shift the entire curve down so that the last dilution of the sample 

matched the background response. 

  To illustrate the improvement in obtaining valid concentrations for low 

dose-response environmental samples using the First Response method, 
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wastewater sample results were analyzed using EC20 and EC50 cutoffs and 

comparing them to quantification with the FR technique.  Samples were obtained 

from a 37 MGD wastewater treatment plant (Plant A) that presently runs two 

parallel secondary treatment trains simultaneously (high-purity oxygen activated 

sludge and extended nutrient removal) followed by anaerobic digestion.  Table 

2.2.5.1. below details the differences in values.  Those samples that 

registered as no response (NR) because they were below the minimum level of 

positive response constitute 26% of the 72 samples as determined by the First 

Response analysis, 47%, and 63% for the EC20 and EC50 methods respectively. 

The distribution of the measured concentrations between the First 

Response, and the EC20 and EC50 values is graphed in Figure 2.2.5.5.  The 

moderate correlative relationships show equal scattering above and below the log-

log association.     
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Figure 2.2.5.5.  Distribution of comparative positive responses for YES bioassay 
sample  results using the First Response, EC20 and EC50 methods.  Samples were 
obtained from Plant A, where parallel secondary treatment trains for both high-
purity oxygenated activated sludge and extended nutrient removal are run 
followed by anaerobic digestion.  All biosolid samples were flow normalized to 
provide ethinylestradiol (EE2) equivalent activity in mol/L concentrations.  All 
negative or toxic responses were excluded from the graph.    
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Table 2.2.5.1.  Comparative results between First Response, EC20 and EC50 
Methods for wastewater samples collected June 13, 2007 from Plant A.   
L="liquid" stream sample's  liquid portion (mol/L) ; S="liquid" stream sample's solid portion 
(mol/g) that have had flow-normalized concentrations calculated for (mol/L);  NR=no estrogenic 
response and no toxicity noted; T=no estrogenic response, but cell toxicity seen; T*=dilution of 
estrogenic first response coincides with some toxicity,  so this would imply that the equivalent 
concentration is the minimal estrogenic response, and could have been higher if toxicity was not 
present.      
 

Sample 
#

Eluate 
Fraction

EE2 Eqs             
(FR t-test 
Method)  
(mol/L)

EE2 Eqs               
(EC20 

Method) 
(mol/L)

EE2 Eqs               
(EC50 

Method) 
(mol/L)

Sample 
#

Eluate 
Fraction

EE2 Eqs             
(FR t-test 
Method)  
(mol/L)

EE2 Eqs               
(EC20 

Method) 
(mol/L)

EE2 Eqs               
(EC50 

Method) 
(mol/L)

1L 20 1.14E-12 NR NR 6-L 20 8.17E-13 NR NR
50 2.93E-10 2.51E-11 2.50E-11 50 3.27E-12 8.50E-12 4.17E-11
80 2.93E-10 2.04E-10 3.75E-10 80 T* T* T

1S 20 4.94E-12 NR NR 6-S 20 NR NR NR
50 1.24E-12 NR NR 50 2.47E-10 8.06E-10 1.18E-09
80 1.98E-11 8.73E-12 NR 80 NR NR NR

2A-L 20 NR NR NR 7-L 20 NR NR NR
50 2.35E-11 NR NR 50 9.14E-12 NR NR
80 9.41E-11 1.19E-10 T 80 2.93E-10 9.48E-11 6.00E-11

2B-L 20 1.13E-11 2.11E-11 2.20E-11 7-S 20 2.43E-11 NR NR
50 1.13E-11 5.16E-11 1.54E-11 50 2.43E-11 8.50E-11 NR
80 1.13E-11 8.18E-11 T 80 9.73E-11 NR NR

2A-S 20 NR NR NR 8-L 20 NR NR NR
50 NR NR NR 50 NR NR NR
80 T T T 80 NR NR NR

2B-S 20 3.46E-13 6.53E-13 NR 8-S 20 1.84E-12 NR NR
50 6.93E-13 1.77E-12 1.77E-12 50 6.44E-11 NR NR
80 6.93E-13 NR NR 80 2.58E-10 6.17E-11 2.64E-10

3AB-L 20 NR NR NR 9-L 20 NR NR NR
50 NR NR NR 50 2.44E-11 NR NR
80 9.54E-11 1.26E-10 T* 80 1.95E-10 6.52E-11 5.71E-11

3AB-S 20 NR NR NR 9-S 20 T* T* T
50 1.18E-11 NR NR 50 2.47E-11 9.14E-11 1.80E-10
80 T T T 80 1.98E-10 1.58E-10 2.32E-10

4A-L 20 NR NR NR 10-L 20 NR NR NR
50 NR NR NR 50 NR NR NR
80 NR NR NR 80 3.90E-10 2.72E-10 2.67E-10

4B-L 20 NR NR NR 10-S 20 1.19E-10 1.74E-10 2.80E-10
50 2.29E-13 NR NR 50 9.54E-10 7.33E-10 9.78E-10
80 T* T* T 80 4.77E-10 5.93E-10 9.78E-10

5-L 20 2.74E-12 9.83E-12 1.00E-11 11-L 20 9.75E-11 NR NR
50 2.19E-11 9.18E-11 5.00E-11 50 4.88E-11 NR NR
80 1.76E-10 6.70E-10 5.00E-10 80 3.90E-10 4.81E-10 5.71E-10

5-S 20 7.44E-11 5.69E-11 NR 11-S 20 2.25E-10 NR NR
50 1.49E-10 2.75E-10 2.37E-10 50 4.51E-10 4.02E-10 NR
80 5.95E-10 NR NR 80 9.02E-10 4.17E-10 NR  
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5) The plate readers used to quantify color development for the YES bioassay reads 

a maximum absorbance of 3.0 when the β-galactosidase expression is via 

absorbance at 570 nm (Figure 2.2.5.6).  When color development is allowed to 

continue after the most concentrated wells have reached the maximum of the plate 

readers’ sensor, the half-maximal (EC50%) equivalent concentration dilution 

factor (Dil-50) migrates to the left (that is, to lower concentrations) as shown in 

Figure 2.2.5.7.  This produces a lower calculated estrogenic equivalent activity 

than would have been calculated had the color development been read earlier.  In 

Figure 2.2.5.6, the EE2 standard curves at hours 27 and 30 show that the average 

values of the 8 duplicate wells have not yet reached the maximum reading of 3.0. 

The standard curves for hours 33.5 through 35.5 show that the maximum has been 

reached for the first three dilutions.  If the maximum of the absorbance readings 

for each hourly EE2 standard curve is defined as 100%, and all the readings 

below that are translated into a percent relative scale (Figure 2.2.5.7), most of the 

hourly curves (from 0 to 27 hours development time) overlay each other.  The 

50% equivalent concentration (EC50) for these curves is constant at 2 x 10-9 M 

because color development at the lower concentrations is coincident with the rate 

of change for the higher concentrations; that is, they increase in 570 absorbance at 

the high end and the low end at the same rate.  However, as color development in 

the high concentration plate wells reaches and exceeds the maximum of 3.0 (seen 

in the standard curves hours 30-35.5), further color development is only recorded 

for the lower concentration sections of the curve, and the standard curves’ EC50 
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dilutions march progressively to the left.  For the last reading at 35.5 hours, the 

Dil-50 is at 8 x 10-10 M.  This artifact is propagated when calculating the 

equivalent estrogenic activity for an environmental test sample.  If, for example, a 

test sample’s Dil-50 occurred at 2.0 x 10-1 (fraction in well), the equivalent 

estrogenic activity for the sample at hour 27 would be 2 x 10-9 M / 2.0 x 10-1, 

which would be equal to 1 x 10-8 M.  However, at hour 35.5, the equivalent 

estrogenic activity would be calculated as 8 x 10-10 M / 2.0 x 10-1 = 4 x 10-9 M.  

The difference between the two results is significant in the context of the 

prevalent ranges of estrogenic activity in environmental samples that are 

physiologically relevant.  The First Response method eliminates this problem and 

remains constant throughout the entire developmental period.  The FR equivalent 

estrogenic activity is equal to 4 x 10-10 M / 2.0 x 10-1 = 2 x 10-9 M (see Figure 

2.2.5.7 and Table 2.2.5.2).   

Table 2.2.5.2.  Tabulated data calculated from curves shown in Figures 2.2.5.6 

and 2.2.5.7. 

Time 

elapsed 

(hours) 

YES Dil50 

Concentration 

First Response Dilution 

Concentration 

0-27 2 x 10-9 M 4 x 10-10 M 

35.5 8 x 10-10 M 4 x 10-10 M 
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Figure 2.2.5.6.  A YES bioassay ethynylestradiol standard calibration curve showing 
color development readings taken as a function of elapsed time since 
cycloheximide/CPRG addition.  The plate reader’s maximal value (3.0) creates an 
artificial plateau of readings that is observed for this case starting after about 30 hours. 
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Figure 2.2.5.7.  The fifty-percent maximal response (EC50) and two corresponding 50%  
dilution concentrations (Dil-50) of an ethynylestradiol standard calibration curve of the 
YES bioassay measured over time for the same data as in Figure 2.2.5.6.  The standard 
curves for 0-27 hours are static and overlay each other, producing a consistent 50% 
dilution concentration (Dil-50)1 of 2 x 10-9 M.  When color development continues past 
the maximum measureable by the plate reader (subsequent to 27 hours), the higher 
concentrations’ readings plateau at 3.0, while the lower concentration samples continue 
color production.  This causes the Dil-502 to migrate to lower concentrations (to the left) 
to 8 x 10-10 M.  .The First Response (FR) dilution concentrations calculated are the same 
for all the standard curves regardless of elapsed time. 
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2.2.6 Shortcomings of the First Response Method 

The FR overcomes a number of EC50 method shortcomings, but it also suffers 

from certain drawbacks attendant with use of the EC50 analysis approach.  Primarily, 

concentration-dependent variability increases at the minimum and maximum responses.  

In a 4-parameter logistic model, the heteroscedasticity (or variance of the response due to 

concentration) is dampened by differential weighting to dampen responses exhibiting the 

highest variability.  The lower signal to noise ratio related to non-specific binding 

responses near the lower asymptotic boundary are problematic for the First Response 

Method.  The First Response is defined to be right outside this area of high variance.  

However, the higher t-critical values help to compensate for the uncertainty of the dose 

response and with use of the Significance Level Determination method described earlier, 

adjustment for samples with high variance at low concentrations (high dilutions) is 

somewhat compensated. 

 Insufficient dilution of the analyte will insure that this asymptotic lower boundary 

of non-specific binding will not be measured, so that the most dilute sample will not 

qualify as the First Response.  If multiple baseline contacts occur (that is the response 

bounces up and down, erratically returning to baseline), a required positively-sloped 

response for two consecutive data points after lift-off was mandated to qualify as a First 

Response. In addition, use of the FR suggests that the dilution series selected for a sample 

be biased toward higher dilutions than might be the case if an EC50 method is used. The 

FR method emphasizes correctly identifying where the response curve meets the 
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background line, whereas the EC method emphasizes utilizing a dilution series that 

captures the full width of the response curve from 0 to 100% response.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   
   
                                                                                                                                             

 

91 

2.3 Analysis of Four Wastewater Treatment Plants and their 

Corresponding Estrogenic Activity Quantified Through Chemical and 

Bioassay Assay 

2.3.1 Introduction 

This chapter is derived from a project funded by the Water Environment Research 

Foundation “WERF 04-HHE-6” that did a study on the fate of trace contaminants 

through wastewater treatment focusing on different digestion processes.   

In the past twenty years, numerous studies have identified several natural and 

synthetic estrogens as well as numerous xenoestrogens that are present in such effective 

concentrations in treatment plants’ influent and effluent that can alter sex ratios and 

promote sexually-related morphological developments in a variety of wildlife, ranging 

from fish to mammals to humans.  The predominant research has been limited to testing 

liquid-phase plant outputs.  However, sludges/ biosolids are a potential source of 

endocrine disrupting compounds and are frequently used in landscaping, agricultural, and 

reclamation and may be an important source for the widespread distribution of these trace 

contaminants throughout the environment, including ground water.    

Four full-scale plants with a range of solids processing were sampled four times 

in the course of one year (from Spring to Winter 2006), with preliminary testing during 

the Winter 2005 for two plants (Plants B and C).  In addition to steroid hormones, liquid 

and solid-phase samples were analyzed for suites of other anthropogenic waste indicators, 

and pharmaceuticals.  The goal of this project was to discern which of these digestive 

processes (aerobic digestion,  mesophilic digestion, dual phase acetogenesis/ 



   
   
                                                                                                                                             

 

92 

methanogenesis digestion, thermophilic digestion, or post-digestion lime addition, and 

composting) could reduce these trace contaminants effectively.  Collaborators in this 

project included Metcalf & Eddy (later absorbed into AECOM, Inc) who arranged for 

sampling at many of the plants, organized the plant schematics, and analyzed each plants’ 

flow and loading schematics, and the U.S. Geological Survey, who chemically analyzed 

each sample for  ≥ 105 compounds.  The University of Arizona research group provided 

bioassay analyses using an engineered recombinant assay that utilized a human estrogen 

receptor in a yeast host called the yeast estrogen screen (YES) bioassay.  A smaller subset 

of samples were tested on a human breast cancer cell line with a luminescent fluorescent 

reporter gene called the T47D-KBluc assay run by a senior researcher, Patricia Orosz-

Coghlan.  Additional University of Arizona personnel who participated in this study 

included the principal investigator Dr. David Quanrud, and co-investigator, Dr. Wendell 

Ela, graduate students Pete Littlehat, Cary Leung, Matt Tomanek, Brianna Dorie, 

Bingfeng Dong and myself.  Undergraduates who participated the most were Elisabeth 

Lynn and Kenneth Mays.  This study is the product of their hard work, dedication, 

tolerance, acumen and perseverance.   

Specifics for the detailed schematics, flows and solids loadings for each plant, and 

the concentrations for each samples’ bioassay and their chemical results can be found in 

the official WERF publication for the project.  This report focuses on the derived results, 

and their interpretation.  However, for quick reference, basic outlines of each plant’s unit 

processes are included below.  Due to inadequate sampling, mass balances could only be 

evaluated for a subset of all the unit processes. 
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Figure 2.3.1.0.1.  Schematic of Plant A that had nutrient removal (anoxic/ aerobic) 
treatment that provided nitrification, rather than just conventional “activated sludge” as 
specified in the diagram for its initial biological degradation process.  Aerobic digesters 
operated as a second biological form of reduction.  Points where samples were obtained 
are marked by circled numbers.     
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Figure 2.3.1.0.2.  Basic design of wastewater treatment process at Plant B, which had 
activated sludge for secondary treatment.  This plant had four digestive processes: 
conventional mesophilic anaerobic, mesophilic anaerobic digestion in egg-shaped 
digesters, and a dual-phase acetogenesis/ methanogenesis digestion.  The combined 
dewatered sludge underwent drying and pelletization, or composting.       
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Figure 2.3.1.0.3.  Simplified schematic of Plant C.  The effects of lime addition were 
studied through the comparative analyses of samples from points (4) dewatered sludge, 
and (6) lime-stabilized sludge.   
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Figure 2.3.1.0.4.  Diagram of abridged unit processes at Plant D which had activated 
sludge and thermophilic anaerobic digestion as its two biologically mediated reduction 
methods with sampling points indicated with circled numbers. 
 

Primary and secondary treatment waste streams (which included influent to secondary 

effluent and waste activated sludge) were sampled two of the four sampling periods at 

Plants B and D.  Solid waste streams were collected more consistently; however, 
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complications from inadequate sampling prevented the evaluation of mass balances for 

three of the four digestive processes at Plant B due to complicated differential thickening 

units that fed into only selected digesters.  Therefore, only a mass balance for the egg-

shaped digesters could be reliably quantified.  The effects of composting and pelletizing 

as post-digestive biosolids treatments at Plant B could not be examined due to inadequate 

sampling of contributive waste streams to the arbitrary control volume around the unit 

process.     

 In contrast, adequate sampling at Plant D provided the most detailed information 

for the effects of both secondary treatment and digestion.  Repetitive sampling at Plant A 

also provided adequate information on the effects of aerobic digestion.   

2.3.1.1. Model of Concentration Addition 

Measuring the relative contributions of estrogenic compounds and determining 

their total effect seems like an easy exercise.  However, their observed summed actions 

and interactions do not conform to simple predictions.  Two main theories have been 

offered to define the behavior of mixtures.  The first one, the “model of concentration 

addition,” was first proposed by Fraser, 1872, and later elucidated by Loewe, 1926 and 

proposes that if individual chemicals structurally act in a similar way, each component 

can substitute for any other component at equi-effective concentrations with the same net 

result.  Details of calculating the concentration of addition measurements is provided by 

Rajapakse, 2001.  Compounds at below detectable levels can combine to produce 

measurable effects.  Most dose-response curves are commonly non-linear sigmoidal 

relationships where the slope changes with concentration, and measurements are 
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calculated from the midpoint of the linear section.  Direct application of this theory 

would assume that most estrogens and xenoestrogens act on the estrogen receptor and 

estrogen response element of the YES bioassay similarly.  A related theory similar to the 

model of concentration addition is the “toxicity equivalency factor” (Van den Berg, 1998; 

Silva, 2001).  This term has broadly been linked to several different effects and can imply 

relative potency values in in vivo or in vitro studies, relative receptor binding affinity, or 

more specifically a compound’s relative potency in relation to the most potent 

representative’s toxic effect in the same chemical group.  However, the model of 

concentration addition has controversial application when used to quantify agents with 

differing modes of action (which has been substantially demonstrated experimentally 

through microarray genetic analyses) and its validity under these conditions have been 

scrutinized and the focus of much debate.  Deviations from non-parallel slopes of dose-

response curves imply that different components are acting in diverse modes.  For 

instance, dissimilar subsystem chemical-structural activities may produce net results from 

their “independent action” on different sites and modes of action were first proposed by 

Bliss, 1939.  It implies that individual constituents below minimal detection will not 

produce discernible effects in combination.  Similar theories to independent action are 

“effect multiplication,”  “effect summation” and “joint independent action” (Silva, 2002; 

Rajapakse, 2001) and calculation details for the model of independent action are well 

described by Rajapakse, 2001.   When multicomponent mixtures of chemicals with 

diverse modes of action have been experimentally tested as to verify the validity of the 

concepts, the model of concentration addition has shown to be the most robust.  Additive  
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predictions for low- and medium-effect concentrations of estrogens and xenoestrogens 

closely resemble observed dose-response curves using the concentration addition model 

whereas the independent action model underestimates the measured mixture effects 

(Altenburger, 2000; Rajapakse, 2001; Silva, 2002; Payne, 2000).  

Furthermore, the concentration addition model does the best for estimating 

combined effects for individual chemicals with non-parallel non-linear dose-response 

curves (which does not hold true for the “toxicity equivalency factor” model (Silva, 

2002).   However, the concentration addition model fails at accurately forecasting 

mixture results of higher-effect levels of estrogens that surpass that of the component 

with the lowest maximal effect because of mathematical constraints; different 

xenoestrogens with variable maximums cannot accurately be predicted in combination 

(Silva, 2002).  In addition, a researcher noted that when he observed combinations of two 

of the most potent estrogenic compounds, their interaction could be said to be synergistic, 

rather than additive (Payne, 2000).  Complex dynamics in the solubility equilibria of each 

constituents’ transport through the permeable cell wall of the yeast (in the YES bioassay) 

most likely is a contributing factor to this discrepancy.  Ethanol can be generated by the 

metabolism of glucose by the YES cells during the 3-day incubation period, which can 

increase the amount of a hydrophobic compounds’ solubilization into the water-based 

solvent which can be critical when the chemical concentration approaches the solubility 

limit (Rajapakse, 2001.)  Shifting the solubility equilibrium may cause increased 

transport of β-galactasidase through the cell wall into the bulk liquid.  Substituting 

DMSO for water as the primary solvent in the single and mixed components’ test samples 
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most likely increased cell wall permeability and improved transport of the chemicals and  

β-galactasidase into and out of the cell, which improved predictability of the 

concentration addition model at effectively high-level concentrations observed by the 

researchers (Rajapakse, 2001.)   

Comparisons between the results for the chemical-based concentration addition 

(CA) model and the YES bioassay for all the wastewater treatment plant samples show 

that in most cases, the CA model mass fluxes are higher than the corresponding YES 

bioassay result.  For the fifteen most important compounds, chemical groups’ mass fluxes 

were combined for graphical clarity.  The hormone mass fluxes for 17α- and 17β-

estradiol, estrone, estriol, and 17α-ethinylestradiol were combined, and the various 

nonylphenol and octylphenol species were summed for the APEO group.  The 

xenoestrogens diethylstilbestrol, bisphenol A, and phthalate DEHP were grouped 

together although they are not chemically similar for simplicity. 

Even though the First Response Method selects for incipient effects above 

background (or low-level effects), there must be several factors (including complex 

solubility and permeability dynamics noted by Rajapakse) that contribute to the order of 

magnitude differences observed between the two values.   

2.3.1.2. Relevant estrogenic compounds in wastewater treatment 

Numerous studies have surveyed for estrogenic endocrine disrupting compounds 

in wastewater treatment plant effluent and biosolid outputs (Jobling, 1998; Johnson, 

2005; Kolpin, 2002; Servos, 2005; Baronti, 2000; Ahel and Giger, 1994; D’Asenzo, 

2003; Bruno, 2002;  Janex-Habibi, 2009; Drewes, 2005; Clara, 2005) and have identified 
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that they have effects on a variety of wildlife (Vajda, 2008; Irwin, 2001; Kim, 2002; 

Yoshida, 2000; Kidd, 2007) and humans (Tsutsumi, 2005).  General consensus between 

these research results have identified certain chemical groups as major contributors to 

noted estrogenic effects tracked in wastewater products.  A summary of their fate in 

wastewater treatment is detailed in the sections below.    

2.3.1.2.1  Steroidal Hormones 

Compounds most frequently associated with estrogenic activity in wastewater 

include the naturally-produced steroids 17α- and 17β-estradiol (E2), estrone (E1), and 

estriol (E3) that are noted in treatment plant effluents at ng/L concentrations.  Estrone is 

also produced as an oxidative metabolite of estradiol during aerobic wastewater treatment 

(Ternes, 1996).  The oral contraceptive, ethinylestradiol (EE2), has also been included as 

an estrogenic contributor.   These hormones are present in wastewater treatment plant 

outputs at physiologically relevant levels which can induce a range of morphological 

changes depending on exposure and species.  A recent study demonstrated the collapse of 

the fathead minnow population over a 3-year period stemming from amendments of 5-6 

ng/L ethinylestradiol in a Canadian freshwater lake (Kidd, 2007).  These potent 

chemicals’ removal efficiencies (D’Asenzo, 2003) during aerobic wastewater processing 

are linked to the estrogens’ relative biodegradation rates; E2 mineralizes much faster than 

estriol, or estrone followed by ethinylestradiol (Shi, 2004).   

Further complications occur with the natural steroids; these are excreted in 

conjugated forms with sulfate and glucuronide groups attached which makes them 

estrogenically inactive until deconjugation occurs via interaction with fecal bacteria 
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enzymatic by products.  A survey of six Roman activated sludge wastewater treatment 

plants revealed that of the average total measured estrogens entering the plants, nearly 

30-45% of E2, E1 and E3 species in influent were conjugated.  Post-treatment effluents 

revealed that all the E2 had been deconjugated, but 7% of E3, and 33% of E1 remained 

conjugated (D’Asenzo, 2003).  Subsequent research traces deconjugation back to the 

effects of arylsulphatase, an enzyme that can be as profuse in soils as an exoenzyme as 

well as intracellularly (Speir, 2002; Scherr, 2009).  Lag phases have been observed to be 

longer in unamended soils as compared to the shorter periods seen in manure-amended 

soils due to bacterial acclimatization (Lucas, 2006).     

Alternatively, research demonstrates that deconjugation may be reversible.  

During anaerobic digestion steroid outputs were predominantly found in conjugated form 

(70% for E1, 80% for E2) even though they were introduced as free species (Mes et al., 

2008).  These results imply that conjugation can occur during anaerobic digestion, and 

furthermore, these conjugated species are resistant to anaerobic degradative processes.     

2.3.1.2.2 Alkylphenolic Polyethoxylates 

Considerable research has been dedicated to investigating the fate of one of the 

most significant estrogenic group of compounds during wastewater treatment.  

Alkylphenolic polyethoxylates are surfactants introduced in the 1940’s that are produced 

in large volumes (global annual production is close to 650,000 tons) and with wide 

applications for a variety of products including paints, detergents, and pesticides.  The 

majority of APEOs produced (80%) are in the form of NPEOs (nonylphenol 

polyethoxylates), while the remainder is in the form of octylphenol polyethoxylates 
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(OPEOs) (Guenther, 2002).  An eight or nine carbon chain is attached to a benzene ring 

that has varying units of ethoxylate groups in the chain numbering from 0-20.  An early 

study by Ahel and Giger (1994) showed that wastewater influent displayed a bell curve 

distribution of NPnEOs (n=0-20) centered on NP8EO.  After biological activated sludge 

treatment, only traces of NPnEO (3-8) species remained, and the allocation between the 

lower ethoxylated AP groups was dominated by NP2EO.  Significant concentrations of 

aerobically transformed were created with carboxylated forms of alkylphenols, where 

either one (APECs), or both the alkyl- and ethoxy- side chains (CAPECs) became 

converted.  Carboxyalkylphenoxy ethoxy carboxylates (CAPECs) have been shown to be 

more soluble, prevalent, and resistant to secondary treatment degradation processes than 

most AP forms (Ding, 1996; DiCorcia 1998; Johnson and Sumpter, 2001).   

 

Figure 2.3.1.2.2.1.  Generalized alkylphenol polyethoxylates degradation processes (after 
Ahel and Giger, 1994) 
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Figure 2.3.1.2.2.1. shows a simplified biodegradation chart for APEOs.  Anaerobic 

biodegradation of nonylphenol and NP1EO have been proven to occur optimally under 

sulfate-reducing, followed by methanogenic, and then nitrate-reducing conditions 

(Chang, 2004), but as the rates are much slower than aerobic degradation rates, 

nonylphenol and lower-ethoxylate chain APEO concentrations accrue during anaerobic 

digestion (Ahel and Giger, 1994; Bruno, 2002; Brunner, 1988; Minamiyama, 2006.)  The 

relatively quick aerobic degradation of higher- chain ethoxylates into lower-chain 

APnEO creations means that proportionately larger mass loadings of APEOs (as 

compared to other chemical groups) enter anaerobic digesters that degrade at much 

slower rates.  Shortening of the ethoxylate chains in general produces APEO structures 

that are more estrogenic and more toxic to wildlife (Bennie, 1999; Routledge and 

Sumpter, 1996.)   Confirmation of the effects of secondary treatment on liquid-phase 

waste streams for twenty different Japanese wastewater treatment plants ranging in 

capacity from 12,000 to 680,000 m3/day were studied by Komori, 2006.  Thirteen of the 

twenty plants used activated sludge, three had anaerobic, followed by aerobic activated 

sludge processing, and the four remaining plants had combination or specialized 

treatments.  The survey quantified individual inclusive species for nonylphenol and two 

nonylphenol compound series, NP1EO-NP15EO, and NP1EC-NP10EC and measured 

their concentrations in influent and secondary effluent discharges on two separate 

sampling periods, (A) April-May, 2002, and (B) February-March, 2003.  The distribution 

patterns for the averaged plants’ concentrations for influent showed a predominantly bell 

curve distribution of NPnEO peaking at NP8EO (5-8 ug/L) and steadily dropping 
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bilaterally to approximately 1-2 ug/L for NP and NP15EO.  However, NP4EO exhibited 

an anomalous peak that equaled 6-8 ug/L, similar to that of NP8EO.  The NPEC 

compounds trailed at a uniform lower level of < 1.0 ug/L.  Allocation of the averaged 

secondary effluents’ compounds differs greatly, with most lower chained ethoxylate 

groups (NP1EO-NP3EO) measuring below 0.5 ug/L except for NP4EO showing slightly 

higher concentrations of 1-2 ug/L, and higher-chained ethoxylates as registering below 

detection.  The lower-chained nonylphenol carboxylic acids (NP1EC-NP5EC), on the 

other hand, appraised at higher levels ranging between ~1-4 ug/L, with lower (<0.5 ug/L) 

levels for the remaining higher-chained carboxylate species.             

More specific estrogenicities depend upon the bulkiness of substitution 

constituents and branching associated with the α, β, and γ carbons of NPEO isomers 

(Gabriel, 2008) which can be reviewed in Table 2.3.1.2.2.1. which lists estrogenic 

potencies of compounds of interest that are not reported on in this study, but are relevant 

to understanding of the summary points of the research.  Increased temperature in 

digesters enhance the biodegradation rates of NP and NP1EO, but there are many 

inhibitors, including acetate, lactate, salts, heavy metals and notably phthalate esters.   

DEHP (di-ethylhexyl phthalate ester) and copper are the strongest inhibitors in the study, 

while DEP (diethylphthalate) exhibits moderate inhibition only (Chang, 2004).     

 
 
 
 
 
 
 



   
   
                                                                                                                                             

 

106 

Table 2.3.1.2.2.1.  Estrogenic potencies of chemically related groups of compounds 
relevant to this study. 

Compound Abbrev MW  EE2 equivalents 
(Mol EE2/mol) 

Diethylstilbestrol DES 268.34 0.924000 

Bis(2-ethylhexyl) phthalate DEHP 390.56 0.0000210 

Diethyl phthalate DEP 222.24 0.0000039 

NP4EO (isomer #170) * NP4EO-170  0.000148 

NP5EO (isomer #93) * NP4EO-93  0.000496 

NP6EO (isomer #70) * NP4EO-70  0.000445 

NP7EO (isomer #10) * NP4EO-10  0.000119 

NP8EO (isomer #2) * NP8EO-2  0.0000101 

NP9EO (isomer #1) * NP9EO-1  0.00000583 

Dibutyl phthalate† DBP 278.34 0.000000084 

Disobutyl phthalate† DIBP 278.34 0.000000084 

Butyl benzyl phthalate† BBP 312.35 0.00000084 

Ditridecylphthalate† DTDP 530.84 0.000000084 

Benzophenone‡ Benzo 182.22 Non-reactive 

3-Hydroxybenzophenone‡  198.22 0.000131 
  

*Gabriel, 2008.  Isomer-specific degradation and endocrine disrupting activity of     
nonylphenols.  ES&T 42: 6399-6408. 
†Harris, 1997. 
‡Schultz, 2000. 
 

2.3.1.2.3. Bisphenol A (BPA)  

Bisphenol A has two functional phenol groups and can degrade under aerobic 

conditions (Zhao, 2008) at rates of 0.80 h-1 at 20̊C.  One survey of the removal  

efficiencies of BPA in thirty-one Canadian wastewater treatment plants showed ranges 

from 37-94% (Lee, 2000).  There is a general consensus among researchers that BPA can 

be degraded by secondary treatment (Korner, 2000; Nasu, 2001).  Its fate under anaerobic 

conditions has been determined to be recalcitrant by some researchers (Voordeckers, 
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2002), but new research has shown considerable degradation under anoxic/anaerobic 

cycling in a membrane bioreactor (Kim, 2009).     

2.3.1.2.4  Diethylstilbestrol (DES) 

First synthesized in 1938, DES was prescribed in the 1940-70’s as a synthetic 

estrogen to prevent early miscarriage, ease menopausal symptoms, suppress lactation and 

breast cancer.  However, over time significant clinical evidence surfaced on 

itsdevastating side effects:  its teratogenic effects causes genetic damage down to at least 

the 3rd generation.  DES promotes clear cell adenocarcinoma of the female reproductive 

organs, causes pregnancy malformations, infertility, auto-immune diseases and 

feminization of males) (Herbst, 1971; Brouwers, 2006; Gooren, 2006).  It has not yet 

been banned in the U.S., but the last U.S. Manufacturer stopped production in 1997.  

However, it still may yet be in use here and in other countries, even with stated bans 

(such as imposed in China, Yang, 2008).  DES’ latest approved use in the U.S. in the 

1990s was for prostate cancer treatment, and advanced breast cancer therapy for post-

menopausal women.  Additionally, it had veterinarian applications such as fattening of 

cattle although it was banned for use in 1979 because of its cancer-causing properties 

(Kolok, 2008).  It may still be used in the prevention of urinary incontinence in dogs.  

Although DES has been studied extensively in the medical field and used as the  

benchmark for the dangers of endocrine disruption, there has been only sporadic research 

into its environmental behavior and levels in water or wastewater, and even less research 
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Figure 2.3.1.2.4.1.  Chemical structure of diethylstilbestrol 

 

into its mechanisms of biodegradation.  However one study on the electrochemical 

degradation of chlorinated DES (within ranges typical for water treatment) produced 

metabolites of halogenated aromatics resistant to reductive dehalogenation which would 

be stable and extremely recalcitrant to degradation under most standard water treatment 

processes (Korshin, 2006).   

2.3.1.2.5  Phthalate Esters 

Phthalate esters are a large group of compounds that were represented by 2 

compounds (DEHP and DEP) in the study.  DEHP provided 3-6% of the estrogenic 

activity in the solids (primary sludge, WAS and digested sludge).  Phthalates with shorter 

alkyl side chains degrade better than those with longer alkyl side chains.  Biodegradation 

during anaerobic digestion is slow and may be dependent upon inoculation with specific 

microbes.  However, Kleerebezem et al. (1999b) reported that all three phthalate isomers 

(ortho, meta and para) benzene dicarboxylic acid and their corresponding dimethyl-esters 

could be completely mineralized anaerobically by all seed sludge studied, such as 
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digested sludge and granular anaerobic sludge. However, the lag phases required for 50% 

of degradation of these compounds are usually quite long and may range from 17 to 156 

days (Liang 2008 p. 193). High levels of DEHP (> 60 mg/L as in some samples measured 

in this study) have been shown to be toxic to the methanogenic microbiological 

community and detrimental to the breakdown of other phthalate esters. (Liang et al, 2008; 

Alatriste-Mondragon et al., 2003).  Additionally, both DBP and DEHP have been shown 

to inhibit degradation rates of NP and NP1EO by extending their half-lives by 21% and 

77%, and 40% and 94% respectively (Chang, 2004).  Relative estrogenic potencies of 

some various members of these phthalate esters are listed in Table 2.3.1.2.2.1.   

These plasticizers have been implicated in several studies for inducing detrimental 

reproductive effects in humans.  Some of these changes include reduced male semen 

quality (Pant, 2008), male cryptoorchidism (Main, 2006), decreased pregnancy and 

higher miscarriage rates in females (Aldyreva, 1975), and decreased anogenital distances 

in male infants, a landmark trait for sexual differentiation (Swan, 2005.)   However, 

complications between variable phthalate ester exposure levels linked to different effects 

seen at specific stages of human development suggest that further research is required to 

correlate the two (Matsumoto, 2008).     

 

 

2.3.1.2.6  Proestrogens 

Neither the model of concentration addition nor the YES bioassay methods 

quantify proestrogenic compounds in the wastewater that are potentially significant from 
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a mammalian health perspective. Proestrogenic compounds can become estrogenic after 

hydroxylation that occurs during metabolic activation in the liver-microsomal 

cytochrome P450 system.  Benzophenone, PBDEs, and benzo(a)pyrene currently test as 

inactive in many in vitro bioassays, including the YES. If hydroxylated, they would 

manifest estrogenic activity.  Benzophenone, for example, in its hydroxylated form at the 

reported concentrations in this study, would contribute 3% of the total estrogenic activity 

in Plant D’s anaerobic digested sludge (see Table 2.3.1.2.2.1).  Transformation by 

hydroxylation can occur in some in vitro bioassays (but not YES), and through metabolic 

pathways of organisms who ingest it (Kitamura et al., 2008; Kawamura et al., 2003) 

2.3.2 Materials and Methods  

2.3.2.0.1 Centrifugation and Filtration 

All wastewater samples were processed in a series of steps prior to measurement 

of estrogenic activity through the yeast estrogen screen (YES bioassay) or by T47-D-

KBluc bioassay.  The solids content of raw wastewater and hydrophobic character of 

known estrogenic wastewater contaminants motivated the measurement of both dissolved 

(filterable) and particulate contributions to the total concentrations of estrogenic activities 

in liquid-stream samples that included influent, primary clarifier effluent, secondary 

clarifier effluent, effluent from dewatering of thickened sludge, and centrate from the 

dewatering process after anaerobic digestion.  Solid-stream wastewater treatment samples 

were separated via centrifugation; liquid centrates were not tested because it was assumed 

most hydrophobic compounds would be found in the particulate fractions.  For all liquid-

stream samples analyzed, solids were separated via a combination of centrifugation and 
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filtration.  Both the liquid (filtrate) and the solid fractions (excluding filters with solids 

residue) were then extracted and analyzed.   Samples were separated into liquid and solid 

portions using a Beckman centrifuge with a JA-10 rotor (20 minutes, RCF = 17,000).  

The liquid portions were decanted and filtered using 3.1 µm Pall glass fiber filters.  

Filtrates were refiltered using 0.70 µm Pall glass fiber filters.     

2.3.2.0.2 Microwave assisted-extraction 

After centrifugation/filtration, all solid samples (biosolids/sludges) for study were 

extracted in methanol using a microwave-accelerated extraction (MAE) procedure.  

About 1 gram (dry weight) of solid was suspended in 20 mL of methanol and extracted at 

constant pressure (20 psig for 30 min.) using a CEM-MDS 2100 Microwave Digestion 

System.  Reactor contents were then cooled for 45 minutes inside the microwave unit 

before liquids were decanted into muffled glass vials.  Methanol extracts were evaporated 

to 1 mL under nitrogen gas.   

2.3.2.0.3 Separation on C-18 resin 

Solid-phase microwave extracts were then diluted to 1 percent methanol (v/v) in 

Nanopure water and hydrophobic organics, including estrogenic contaminants, were 

separated using reverse-phase (C-18 octadecyl) resin (Empore, 3M).  The 47-mm C-18 

disks were preconditioned with two 10-mL volumes of 100% ethyl alcohol (Aaper) and 

10 mL of Nanopure (Nanopure Infinity) water as prescribed by the manufacturer.  Solid 

extracts (diluted to 1%) were applied and suctioned through the C18 disks, with the 

hydrophobic organics sequentially eluted off the disk using 10 mL of 0.2 (volume 
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fraction CH3OH) methanol/water solution followed by 10 mL of a 0.5 methanol/water 

solution and then 10 mL of 0.8 methanol/water solution. 

For the liquid-phase 0.7 µm filtrates, whole samples (undiluted) were similarly 

applied and eluted from the C18 resins disks. Eluates were dried under nitrogen gas and 

redissolved in autoclaved Nanopure water to yield final concentration factors of 200-

500x for analysis using the YES assay.  Solids-related eluates were similarly dried under 

N2 gas, resuspended with 1-2 mL of autoclaved water, and 0.7 µm glass fiber-filtered for 

testing with the bioassay.    

2.3.2.0.4 Yeast Estrogen Screen (YES) Bioassay 

Total estrogenic activity was measured using the yeast estrogen screen (YES 

bioassay) of Routledge and Sumpter (1996) as amended by DeBoever et al. (2001). The 

Saccharomyces cerevisiae strain used was provided by John Sumpter of Brunel 

University, Oxbridge, U.K.  This is a human estrogen receptor recombinant engineered 

yeast-based in vitro bioassay with a beta-galactosidase reporter gene downstream of the 

estrogen response element in which total estrogenic activity is converted to an equivalent 

concentration of a known estrogenic compound – here 17α-ethinyl estradiol (EE2), an 

oral contraceptive.   Each sample concentrate was serially diluted across 10 wells of a 96-

well micro-titer plate (Costar).  Each dilution series was initiated by placing 100 µL of 

sample concentrate in the first well of a single row.  Fifty µL was transferred to the 

second column and mixed with 50 µL of Nanopure water (2-fold dilution per step).  The 

process was repeated across each row to produce a maximum dilution factor of 29.  Fifty 

µL of Nanopure water that was pretreated via passage through the C-18 resin was added 
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to wells 11 and 12 of each row to serve as (negative) process controls.  The 8 rows of 

each 96-well plate provided replicate data (n = 8) for estimation of experimental error.  A 

standard series was developed in a similar manner with each set of measurements using 

concentrations of EE2 from 1.0 x 10-7 to 5.0 x 10-12 M.   

 Yeast cells were grown in the Routledge/Sumpter medium to (A630) 1.0 cm-1.  The 

culture was then diluted in the same medium to an absorbance (A630) of 0.133 cm-1, and 

150 µL of the diluted suspension was added to each well of the 96-well plate (total 

volume 200 µL).  The resultant A630 value in each well was then about 0.10 cm-1.  Plates 

were incubated for 24 hours at 32º C for growth of S. cerevisiae and estrogen-dependent 

expression of lacZ.  At that point, 50 µL of cycloheximide/CPRG (chlorophenol red β-D-

galactopyranoside) solution consisting of 3 mL of autoclaved Nanopure water, 2 mL of 

10 mg/mL cycloheximide, and 200 µL of 10 mg/mL CPRG was added to each test well.  

Following an additional 24-hour incubation at 32º C for β-galactosidase-dependent color 

development, absorbance was measured at 570 nm (β-galactosidase activity) and 630 nm 

(turbidity).  The contribution of cell-dependent light scattering to A570 measurements was 

determined by measuring the ratio of A570/A630 (here defined as R) in the negative control 

wells.  β-galactosidase activity was then corrected to A570 – R x A630.  Dose-response 

curves were plotted for environmental samples and the positive (EE2) control. 

2.3.2.0.5 T47D-KBluc Bioassay 

The T47D-KBluc cell line bioassay developed by Wilson et al. (2004) was used 

as a second in vitro technique to measure estrogenic activity.  The assay was used only on 

a subset of samples due to  its high operational costs.   
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The cells were maintained in RPMI-1640 Medium with 10% fetal bovine serum 

(FBS) (Hyclone, Ogden, UT); no antibiotics were added to the media.  The bioassay was 

conducted in 24-well plates and the wells were rinsed with estrogen-free media 

containing 3% charcoal dextran treated FBS (Atlanta Biologicals, Lawrenceville, GA).  

Samples were serially diluted in triplicate across the plate in estrogen-free growth media, 

and each well was seeded with 50,000 T47D cells per well.  Plates were incubated in 5% 

CO2 for 48 hours at 35̊ C.  Subsequently, cells were harvested using lysis buffer of 

which 100µL from each well of the lysed cell solution was collected and transferred to a 

96-well luminometer plate.  Luciferase activity was then quantified by an Analyst AD 

Plate Reader (Molecular Devices, Sunnyvale, CA).  The positive estrogen control 

consisted of decline dilutions of EE2 (Sigma-Aldrich, St. Louis, MO) from 10 nM to 1 

fM.  Data was plotted as relative light units (RLU) versus EE2 concentration.  A negative 

control plate consisting of media and cells was run concurrently with each set of 

environmental samples. 

2.3.2.0.6 Standard Data Reduction Method for Bioassays   

 The traditional technique to quantify estrogenic response in environmental 

samples relies upon identifying the midpoint (50%, EC50) level of response in both the 

environmental sample and positive control (either E2 or EE2) dose response curves.  In 

this project, EE2was used due to its greater chemical stability relative to E2. The 

estrogenic response of an environmental sample is converted to an equivalent 

concentration of EE2in the following way:  

EEQ = EC50 EE2/(EC50 test sample *CF)  
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where the EC50 test sample is the volume fraction of the environmental test sample that 

produces a 50% maximal response, EC50 EE2 is the concentration of EE2 that produces a 

50% maximal response in the positive control dose response curve, and CF is the 

concentration factor of the sample extract (typically 200-500X for liquid-phase samples).   

Because of drawbacks in using a traditional EC50 approach for quantifying 

estrogenic activity in wastewater and sludge samples, a new statistically defensible data 

reduction system called the First Response method was used to quantify estrogenic 

equivalent activities of environmental samples as compared to a positive control standard 

and is described in the paper “Introduction of a new method, the First Response, to 

measure hormonal bioassays,” by Sondra S. Teske, Patricia Orosz-Coghlan, Wendell P. 

Ela, David M. Quanrud (unpublished manuscript). 

2.3.2.0.7 First Response Method of Data Reduction 

 The First Response method is based on identifying the most dilute sample 

concentration that exhibits an estrogenic response statistically above the background 

response.  Samples with dose-response curves that occur in areas of high dilutions would 

have to exhibit positive responses greater than the variability seen in the blanks and 

sample dilution responses.  A one-sided Student’s t-test was used to determine when a 

positive response of the sample or standard was significantly different than the 

background response.  The one-sided Student t-test for comparison between two 

populations with independent means is suitable for tests for when the number of samples 

differ than that of the controls, and the dose-response curves vary both in slope and 

heteroscedasticity (noise in the response relating to dosage level).  Description of the use 
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of the Student’s t-test can be found in standard statistical texts, such as Bruning & Kintz , 

1997.  The degrees of freedom chosen in the t-test calculation are determined by the 

number of replicates in each test group.  The “First Response” is the first dilution (or the 

lowest concentration) in which the t-test indicates a significant difference (t > tcritical) 

between the means of the test group and the negative control group.   

In order to perform the t-test, it is necessary to select an alpha value to specify the 

level of statistical significance desired.  The t-critical value is based on the degrees of 

freedom in the experiment (DF = [N1 + N2]–2) where N1 + N2  are the number of 

replicates of the test group and control group respectively, and the user choice of alpha 

significance value for a one-tailed test (http://www.jeremymiles.co.uk/misc/tables/t-

test.html).   

We developed an empirical procedure called Significance Level Determination 

(SLD) to select the level of statistical significance (alpha) and corresponding critical t-

values appropriate for analyzing a given set of data in either the YES or Kbluc assay 

(Tables 2.3.2.0.7.1 and 2.3.2.0.7.2, respectively).  The procedure is based on 

consideration of the magnitude of average standard error (ASE, standard deviation of 

each group divided by its mean) between each test group and the corresponding negative 

control group.  The ASE cutoff ranges and corresponding t values were developed 

through visual inspection of our existing database of assay results.   
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Table 2.3.2.0.7.1.  YES bioassay significance level for samples using the first response 
method (degrees of freedom (DF) = n1 (test group) + n2 (control group) – 2) 

 
Average Standard Error 

(ASE) 

Critical 
t-value 
for EE2 

(DF = 14) 

Critical 
 t-value 

for sample 
(DF = 6) 

Significance 
Level  
(α) 

 
<0.060 5.75 10.25 0.000025 

0.060<ASE<0.080 5.36 9.08 0.00005 
0.080≤ ASE <0.118 4.50 6.79 0.00025 
0.118≤ ASE <0.126 4.14 5.96 0.0005 
0.126 ≤ ASE <0.155 3.33 4.32 0.0025 
0.155 ≤ ASE <0.330 2.98 3.71 0.005 

0.330 ≤ ASE 1.35 1.44 0.01 
 
Table 2.3.2.0.7.2.  Kbluc bioassay significance level for first response method (degrees of 
freedom (DF) = n1 (test group) + n2 (control group) – 2) 

Average Standard Error 
(ASE) 

Critical t value (α) 
(where DF = 7) 

Significance Level 
(α) 

<0.1180 4.03 0.0025 
0.118≤ ASE <0.120 3.50 0.005 
0.120≤ ASE <0.155 2.36 0.025 
0.155 ≤ ASE <0.330 1.89 0.05 

0.330 ≤ ASE 1.41 0.1 
 

A similar First Response t-test analysis was performed to determine what data to 

exclude due to toxicity in the assay. The “first toxicity” (FT) response is determined only 

for the YES bioassay because of plate reader limitations for the KBluc assay.   An (FT) 

response concentration is determined for each individual assay dataset by measurement 

of optical density (light scattering) at a light absorbance of 630 nm (Abs630).  In this test, 

alpha is set at 0.005 for all optical density t-tests to determine FT.   

The most dilute concentration considered to have cell toxicity is that which shows 

a significant difference (t > t critical) between the means of Abs630 in the test group and 

the negative control group.  In order for the first response (FR) to not be invalidated by 

co-occurrence of cell toxicity, the FR dilution must occur before the FT; that is, the FR 
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must occur at a more dilute sample concentration than the FT concentration.  An 

additional criteria was adopted to avoid a small incidence of false positives that was 

noticed in data analysis. The FR was only accepted if the immediately higher (less dilute) 

concentration also was statistically above the baseline.  

The breadth of the response deviations from the mean were significantly higher 

for the KBluc assay in comparison to the YES.  This is reflected in the ranges of the 

average standard errors (ASE) and the corresponding Significance Level of 

Determination (SLD) grouping bins.   The lower ranges of the SLD for the KBluc 

directly relate to the higher “noise” seen in the KBluc data and the lower confidence in its 

predictions, as the SLD directly relates to a sliding scale of alpha levels.     

2.3.2.1 Calculations for the Model of Concentration Addition 

Compiled results for projected additive estrogenic effects of the USGS chemically 

analyzed results were theoretically based on the model of concentration addition (Fraser, 

1872; Loewe, 1926).  The concentrations of each specific form of each compound 

reported by the USGS was multiplied by their relative estrogenic potencies as measured 

by the yeast estrogen screen (YES) corresponding to the potency of an estrogen, 17α-

ethinylestradiol (EE2) which was used in the yeast estrogen screen tests.  U.S.G.S. 

reported 108 compounds (excluding surrogates) for Plant D, 107 compounds for Plant A, 

106 compounds for Plant B, and 32 compounds for Plant C.  Relative potency factors for 

each compound as measured by the yeast estrogen screen (YES) bioassay as compared to 

the estrogen standard 17β-estradiol (E2) were obtained from peer-reviewed publications.  

This potency factor was then translated to equilibrate to relative to 17α-ethinylestradiol 
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(EE2).  There were a few compounds where finding potency factors for some of the most 

estrogenically significant compounds in the APEO group were problematic. Some 

publications note that discrimination of branching position on the 4-AP alkyl group can 

alter the estrogenicity of the compound as measured in the YES; the tert position in 

APEOs structurally provides a higher estrogenic response than those members with a 

secondary or normal position (Routledge, 1997; Gabriel, 2008).  However, specific 

values for 4-n-octylphenol and 4-tert octylphenol could not be found, so they were given 

the same estrogenic potency factors.  More significantly, OP1EO and OP2EO have 

occasionally been reported in environmental literature, but referenced estrogenic potency 

factors could not be found for them.   So the ratios between NP/ NP1EO and NP/ NP2EO 

were averaged and applied to octylphenol to obtain similar drops in relative potency for 

the mono- and diethoxylate group members.  Most of the APEO series’ potency factors 

were derived from the same source (Routledge, 1996) to maintain consistency; there can 

be significantly different potencies reported across different studies.   YES derived 

estrogenic potencies were found for approximately 31% of the compounds; an additional 

9% of the compounds had relative estrogen potencies taken predominantly from the YES 

2-hybrid system, and human breast cancer cells as substitutes for the YES bioassay.  The 

YES two-hybrid system is based on a ER-α human estrogen receptor, a co-activator 

(TIF2) and two expression plasmids with a β-galactosidase reporter gene in S. cerevisiae 

yeast that require ligand-dependent interaction of two proteins (tryptophan and leucine) 

(Nishihara, 2000).  There are several different breast cancer cell lines that can only 

replicate with estrogenic compounds as a stimulus.  The original MCF-7 (E-Screen) cell 
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line developed by Ana Soto (1985) measures the relative proliferative effect (RPE) of 

lysed cells after exposure to the stimulus, but the MVLN or KBLuc breast cancer cell 

assays both use bioluminescent (luciferase) reporter genes to quantify the RPE.   

The EXCEL spreadsheets used to organize and calculate information lists all the 

compounds, their estrogenic potencies and their associated referenced publications on the 

first page, and are seen in Table 2.3.2.1.1.  Estrogenic potencies derived from sources 

other than YES is relatively controversial (Leusch, 2006; Zacharewski, 1998).  An 

investigation testing the relative potencies and sensitivities between the recombinant 

yeast screen (YES) and the yeast two-hybrid system for 13 different estrogenic 

compounds and sewage shows that the hybrid system displays lower potencies for more 

than half the compounds with more toxic reactions and insensitivity to chemical mixtures 

in sewage (Saito, 2002).  However, debates on estrogenic potencies derived from 

alternative cell systems became moot in this study; their relative equivalence became 

trivial because the fifteen most important compounds in all of the wastewater plant 

samples had relative potencies derived from the YES bioassay only.  These fifteen 

compounds comprised over 99% of the estrogenic equivalent mass loadings/day.  The 

calculated estrogenic equivalent mass flux for individual compounds (the products of 

each compound’s mass flux (mass/ time) and its relative YES potency (estrogenic activity 

mass EE2/ mass of the compound) were summed to obtain a net estrogenic equivalent 

mass flux based on measured chemical concentrations.  This chemical-based 

estrogenicity was then compared to the mass fluxes estimated by the YES bioassay which 

measures estrogenicity of the collective environmental sample.  In essence, the 



   
   
                                                                                                                                             

 

121 

chemically assessed estrogenic fluxes should be subsets of the YES bioassay fluxes, 

because the chemicals actually measured are subsets of all the possible compounds in the 

wastewater samples.  Averages were calculated for all samples, and where both liquid 

and solid phase components were tested, the totals of the combined phases was averaged 

over all periods, not the averages of the separate phases combined.  Table 2.3.2.1.2. lists 

the fifteen most important measured compounds and their YES-based relative potencies. 

2.3.2.1 Procedure for calculation of Mass Balances 
 
 An imaginary control volume is constructed around one or a group of unit 

operations.  Mass is conserved, so any entering or exiting mass flux waste streams 

crossing the boundary of the control volume is added or deducted accordingly with 

representative samples.  Mass flux equals the measured mass concentration multiplied by 

its flow rate.  The difference between all fluxes entering minus those leaving the control 

volume is divided by the initial flux to obtain the net percent change seen in that unit.  
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Table 2.3.2.1.1.  Estrogenic potencies of each compound used for the Model of 
Concentration Addition using peer-reviewed publication references translated into  
potencies relative to the estrogen 17α-ethinylestradiol (EE2), the oral contraceptive. 

Compound Reference
EE2 Equivalent 

(Mol EE2/Mol) Assay

diethylstilbestrol Folmar, 2002 0.924000000 YES
17-alpha-estradiol Sanseverino 2005 0.840336134 YES
stanolone Matsumoto, 2004 0.000100800 YES
androstene-3,17-dione Liu, 2009 0.0 YES
estrone Aerni, 2004 0.319300000 YES
17-beta-estradiol standard 0.840336134 YES
testosterone Matsumoto, 2004 0.000003108 YES
equilin Matsumoto, 2004 0.070560000 YES
11-ketotestosterone Matsumoto, 2004 0.000002520 YES
19-norethindrone Liu, 2009 0.000235200 YES
mestranol Bovee et al 2005 0.092400000 YES
17-alpha-EE2 Aerni, 2004 1.0 YES
estriol Aerni, 2004 0.002016807 YES
progesterone Matsumoto, 2004 0.0 YES
3-tert-Butyl-4-hydroxyanisole Jobling, 1995 0.000000840 MCF-7
4-Cumylphenol Hashimoto, 2001 0.000001867 yeast 2 hybrid
4-n-Octylphenol Routledge, 1996 0.000697479 YES
4-tert-Octylphenol Routledge, 1996 0.000697479 YES
Benzo[a]pyrene Kawanishi, 2008 0.0 YES
Benzophenone Kawamura, 2003 0.0 YES
Bisphenol A Matsumoto, 2004 0.000562800 YES
Camphor Kunz, 2006 0.000002800 YES
Diazinon Nishihara, 2000 0.0 YES-2 hybrid
Isopropylbenzene Kitagawa, 2003 0.0 YES-2 hybrid
Naphthalene Van de Weile, 2005 0.0 YES
Pentachlorophenol Terasaka, 2006 0.000008400 MCF-7
Prometon Villeneuve, 2006 0.0 MVLN
Tri(dichloroisopropyl) phosphate Follman, 2006 0.0 YES
Tri(2-chloroethyl) phosphate Follman, 2006 0.0 YES
Triphenyl phosphate Owens, 2007 0.0 Kbluc
p-Cresol Kawagoshi, 2002 0.000000084 YES-2 hybrid
para-Nonylphenol monoethoxylates Environment Canada, 2001 0.000001681 YES
2,2',4,4'-Tetrabromodiphenyl ether Nakari, 2005 0.0 YES
4-Nonylphenol Routledge, 1996 0.000142857 YES
4-Nonylphenol diethoxylates Routledge, 1996 0.000002101 YES
4-Octylphenol diethoxylates estimate from NP group 0.000006975 YES
4-Octylphenol monoethoxylates estimate from NP group 0.000006975 YES
bis(2-Ethylhexyl) phthalate Petrovic, 2004 0.000021000 YES
Diethyl phthalate Petrovic, 2004 0.000003948 YES
Albuterol (Salbutamol) van Bueren, 2009 0.0 MCF7
Carbamazepine Escher, 2005 0.0 YES
Cimetidine Fent, 2006 0.000000166 YES  
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Table 2.3.2.1.2.  Fifteen most estrogenically important compounds, their abbreviations, 
molecular weight (MW) and their estrogenic potencies relative to the estrogen 17α-
ethinylestradiol (EE2), the oral contraceptive.    
 
    

Compound Abbrev MW  
EE2 

equivalents 
(Mol EE2/mol) 

17a-ethinylestradiol EE2 296.39 1.000000 

17a-estradiol E2a 272.37 0.8403 

17b-estradiol E2b 272.37 0.8403 

Estrone E1 270.35 0.319328 

Estriol E3 288.37 0.002017 

4-n-Octylphenol 4nOP 206.32 0.0006975 

4-tert-Octylphenol 4tOP 206.32 0.0006975 

4-Octylphenol monoethoxylates OP1EO 250.36 0.0000070 

4-Octylphenol diethoxylates OP2EO 294.42 0.0000070 

4-Nonylphenol NP 220.34 0.0001429 

4-Nonylphenol monoethoxylates NP1EO 264.39 0.0000017 

4-Nonylphenol diethoxylates NP2EO 290.43 0.0000021 

Bisphenol A BPA 228.29 0.0005628 

Bis(2-ethylhexyl) phthalate DEHP 390.56 0.0000210 

Diethylstilbestrol DES 268.34 0.924000 
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2.3.3. Results and Discussion 

2.3.3.1 Plant A: Nutrient removal with Aerobic Digestion  

There is one notable difference observed at Plant A that was not seen at the other plants.  

Diethylstilbestrol is an important compound in the averaged concentrations (see Figure 

2.3.3.1.1). The average thickened combined primary and secondary sludge sample 

consists of one positive reading in October, and three non-detect readings for the other 

samplings in March, July and January.  The digested sludge average consisted of two 

non-detect  
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Figure 2.3.3.1.1.  Average YES-based Concentration Addition Model results for aerobic 
digestion at Plant A for samples taken before (thickened combined primary and 
secondary clarifier sludges) and after aerobic digestion (digested sludge).  There is a 
significant increase in the combined estrogens through the digester, but no increase of 
APEOs is noted. Increases of about an order of magnitude (from 10-5 to 10-4 mol 
EE2/day) for diethylstilbestrol (DES) are seen which were not observed at any other 
plant.   
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readings, and two positive values in July and October, with the October registering an 

order of magnitude higher than the other DES values.  Bisphenol A did not contribute any 

estrogenicity: it measured as below detection for all four samplings.   

Fluxes for DEHP, the plasticizer, decreased 43% through the aerobic digester.  

The averaged increase of 514% for the DES/BPA/DEHP xenoestrogen group was 

primarily derived from a large increase of DES recorded in October.  The average 

digested sludge value is derived from two positive concentrations in July and October, 

and two non-detect reportings.  The estrogens have two members that register as below 

detection for all four sampling dates: 17α- ethinylestradiol and 17α-estradiol.  Estrone 

increases through the digester for three out of four sampling periods, except for July, 

when it reports as a non-detect.  October shows a 577% increase in concentration due to 

digestion, but the average increase in estrone is just 24%.  17β-estradiol measures below 

detection for three of four months for thickened sludge, and in July and January for 

digested sludge.  October concentrations of the natural estrogen increase over  
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Figure 2.3.3.1.2.  Averaged YES bioassay results for the Plant A with Aerobic Digestion.   
The fluxes of estrogenic activity from the YES bioassay less than 10% of to the estimates 
derived from the Model of Concentration Addition.   However relative increases and 
decreases between the two sets do not correspond; the higher flux for digested sludge 
observed in the CA model, register much lower in the YES bioassay result for the same 
sample. 
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Figure 2.3.3.1.3.  Relative percentage between the YES bioassay and the CA model 
results.  The thickened combined sludge sample is anomalous in the entire data set for 
registering higher in the YES bioassay than the CA estimate. 
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Figure 2.3.3.1.4.  Plant A Prominent hormones’ flux (E2-α,E2-β,E1,E3, EE2) model of 
concentration addition (mMol EE2 equivalent activity / day).  Mass balance through the 
digester results in a 404% increase in total hormonal flux. 
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Figure 2.3.3.1.5.  Plant A total APEOs’ flux model of concentration addition (mMol EE2 
equivalent activity / day).  Mass balance through the digester results in a 17% increase in 
total flux. 
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Figure 2.3.3.1.6.  Plant A: DES/BPA/DEHP flux model of concentration addition  
(mMol EE2 equivalent activity / day).  Mass balance through the digester 
 resulted in an 514% increase for the combined DES/BPA/DEHP fluxes. BPA was non-
detect in both samples; DEHP decreased 43%; DES increased 598%. 
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Figure 2.3.3.1.7. Plant A: all other compounds flux model of concentration 
addition (mMol EE2 equivalent activity / day).  A mass balance through the digester 
 results in an 58% decrease in total other compounds flux. 
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Figure 2.3.3.1.8. Plant A: YES bioassay flux for model of concentration 
addition (mMol EE2 equivalent activity / day).  Mass balance through the digester 
 results in a 51% decrease in the YES bioassay’s flux. 
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1100% through the digester, which dominates the calculated average value.   Estriol (E3) 

levels are reported as below MDLs for most of the dates (3/4), except for October when it 

is noted in the thickened sludge (as <1% of the total combined estrogenic equivalent flux 

of all chemicals), and not detected in the digested sludge.  So the assessed average 

increase (404%) of all significant hormones through aerobic digestion can be attributed to 

boosts in 17β-estradiol (from 12% to 22% of the total contributions of all chemicals’ 

estrogenicity) and estrone (9% in digested sludge) mass fluxes (see Figure 2.3.3.1.4).  

These augmentations could be generated from deconjugation processes during secondary 

treatment, similar to behavior reported by D’Ascenzo, 2003.  Aerobic degradation of 

17β-estradiol in soils exposed to the natural elements has been shown to quickly form 

estrone as a metabolite and mineralize quickly; however, estrone has been demonstrated 

to be more persistent (Scherr, 2009; Colucci, 2001; Lee, 2003; Ying, 2005).  However, 

under anaerobic soil conditions in a seventy-day study, EE2, E1, E3 and BPA exhibited 

no degradation; E2 was biotransformed into E1 (Ying, 2005).  Although the 

alkylphenolic group (APEOs) exhibits a small 17% increase in flux entering and leaving 

the aerobic digester (Figure 2.3.3.1.5), with nonylphenol’s contributions  dominating the 

group as a whole and accounting for nearly 20% of the estrogenic signal of all chemicals 

in the thickened sludge, NP is reduced to only 6% of the total output in the digested 

sludge.  It is dwarfed by the major increase of DES as an estrogenic contributor from 

40% pre-digestion to 62% post-digestion.  The combined estrogenic fluxes of NP1EO 

and NP2EO are reduced through digestion from 3% to <1% of the total, followed by the 

parallel reduction of the combined fluxes of OP1EO and OP2EO constituting <0.5% of 
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the estrogenicity in thickened combined sludge to below detectable levels after aerobic 

digestion.  Both forms of 4-octylphenol (OP) were below detection for all sampling dates.   

Similar responses for pre-and post-digestion processing effects can be seen at 

Plants A, B and D in this study.  An illustrative example is seen in that Plant A’s YES 

bioassay estrogenic activity fluxes are much lower relative to the concentration addition 

model’s for the thickened combined sludge and digested sludge sample estrogenic 

activity (they register below 10% of the totaled CA model values).  In addition, YES 

responses (in equivalent estrogenic activity) to thickened combined sludge are relatively 

higher in percentage of the predicted CA model’s (8%) than that generated for the 

aerobically digested sludge (about 1%) (Figure 2.3.3.1.3).  In Plants A, B and D, the 

totals of the CA model estrogenic activity for digested sludge, no matter what the 

process, register higher than that of the precursor sludges (thickened combined, or 

primary and secondary sludges combined) as seen in Figure 2.3.3.1.1, but there is an 

associated “suppressed” reactivity of the YES compounds to these identified compounds 

(Figure 2.3.3.1.2) relative to the CA model which is reflected in the lower percentage 

reactivity of the YES assay to the CA model values (Figure 2.3.3.1.3).   

2.3.3.2 Plant B: Mesophilic Anaerobic Digestion  

Plant B exhibits patterns of compound distribution similar to the other wastewater 

treatment plant with activated sludge and anaerobic digestion, Plant D.  Unlike Plant D, 

however, Plant B has a more complicated system of separate thickening processes that 

feed into three different digestion trains, and sampling was inadequate to capture these 

sufficiently to ensure viable mass balances.  Hence, the concentration addition model 
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graphs and YES bioassay results in Figure 2.3.3.2.1 and 2.3.3.2.2 for all downstream 

processes after secondary effluent are inadequate representations of all the 

Figure 2.3.3.2.1.  Averaged concentration addition model results for Plant B with 
mesophilic anaerobic digestion.  All fluxes are unadjusted, and only the egg-shaped 
digestive process (one out of three digester stream flows) has been included. 
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Figure 2.3.3.2.2.   Average of YES bioassay results for Plant B with mesophilic anaerobic 
digestion.  All fluxes shown are unadjusted and do not imply a mass balance.    
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Figure 2.3.3.2.3.  Averaged Concentration Addition Model results for Plant B with 
Mesophilic Anaerobic Digestion processing.  All fluxes shown are adjusted to reflect 
relative contributions to egg-shaped digestion process. 
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Figure 2.3.3.2.4.   Average of YES bioassay results for Plant B with mesophilic anaerobic 
digestion.  All fluxes adjusted relative to contributions matching egg-shaped digester.  
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Figure 2.3.3.2.5.  Percentage of YES bioassay relative to the CA model results for Plant 
B based on some waste stream flows adjusted to their contributive fluxes relative to the 
egg-shaped digester (*).  
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Figure 2.3.3.2.6.  Plant B: Prominent hormones’ flux (E2-α,E2-β,E1,E3, EE2) model of 
concentration addition (mMol EE2 equivalent activity / day).  Mass balance through the 
egg shaped digester results in a 123% increase in total hormonal flux. 
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Figure 2.3.3.2.7.  Plant B: total APEOs’ flux model of concentration addition (mMol EE2 
equivalent activity / day).  Mass balance through the digester results in a 430% increase 
in total APEO flux. 
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Figure 2.3.3.2.8.  Plant B: DES/BPA/DEHP flux model of concentration addition (mMol 
EE2 equivalent  activity / day).  Mass balance through the digester results in a 1,786% 
increase for the combined DES/BPA/DEHP fluxes. BPA increased 2,186%; DEHP 
increased 258%; DES was ND for both samples, although it shows up in dewatered 
sludge. 
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Figure 2.3.3.2.9.  Plant B: total YES bioassay flux model of concentration addition  
(mMol EE2 equivalent activity / day).  Mass balance assessment through the digester 
 resulted in a 31% increase in total YES bioassay flux. 
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all the downstream solid waste flows; they only include the two waste stream fluxes 

(thickened combined sludge and the egg-shaped digester) that we could do a mass 

balance on.  All fluxes reported for Figures 2.3.3.2.1 and 2.3.3.2.2 are unadjusted.  To 

illustrate graphically the relative distributions of the compounds contributing to the solid 

waste streams reflecting the mass balance around the egg-shaped digester, the fluxes for 

all upstream unit processes were downgraded as seen in Figure 2.3.3.2.3 and 2.3.3.2.4.  

Unfortunately, this simplification implies that distribution of the chemicals occurs 

uniformly in the upstream unit processes if this one digestion process occurred by itself.  

However, this is not the case however.  There are at least two recycle lines derived from 

two separate downstream thickening and dewatering processes that enter after the 

Primary Influent and before the Secondary Effluent sample and are not represented 

analytically or graphically.   The plant schematics shown in Figures 2.3.3.2.6 to 2.3.3.2.9 

are basic representations of the more detailed plans presented earlier last year (Figures 2 

and 3 in the ”Phase I Findings & Phase II Study” dated July 25, 2008).  Analysis of the 

Plant B’s liquid waste streams’ relative contributions and transformations relating to the 

solid streams need to be considered as qualitative interpretations only.   
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For Plant B, the liquid waste streams of influent, primary clarifier effluent, and 

secondary clarifier effluent have significant fluxes of estrogenic hormones (Figure 

2.3.3.2.1).  However, there were a limited two sampling periods (in July and January) of 

the liquid streams, and influent was analyzed for estrogenic hormones (including DES) 

only once, in January.  There were no detectable concentrations reported for 17α-

ethinylestradiol (EE2), 17α-estradiol, 4-n-octylphenol or DES in the liquid streams.  The 

primary contributors to influent are 17β-estradiol (E2) (9% of the total estrogenic 

activity) and estrone (E1) (11.5%).  Both E2 (38%) and E1 (49%) increase in relative 

importance in primary clarifier effluent, and estrone increases its’ importance as an 

estrogenic contributor (70%) with secondary treatment in secondary effluent, while E2 

decreases (20%).   The alkylphenols (excluding BPA) were analyzed on both sampling 

occasions.  The prominent role of nonylphenol in Plant B’s influent is high (56%), but 

that may be a factor of lower estrogenic hormone contributions from the omission of 

July’s sampling of hormones.  Nonylphenol fluxes become quickly reduced in primary 

clarifier effluent to 8.5%, and even less in secondary effluent (1%).  DEHP, (diethylhexyl 

phthalate ester) was never tested for in any plants’ liquid stream samples (at Plant B, or at 

Plant D), only in solid waste stream samples, so it is omitted.  Bisphenol A was tested 

twice for influent values, but only once in January for both the primary effluent, and 

secondary effluent. Bisphenol A and 4-tert octylphenol are almost equal contributors to 

the estrogenicity in influent (10% and 12% respectively), but decrease their magnitude in 

primary effluent to less than 1%.   Both BPA and 4-tert OP both provide 4% of the total 

activity after secondary treatment in the effluent.  Estriol, NP1EO, NP2EO, OP1EO, and 
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OP2EO predominately register as < 1% for all the liquid streams.  In summary, activated 

sludge secondary treatment effectively reduces the liquid streams’ estrogenic activity 

derived from nonylphenol, BPA, 4-tert-OP, estrone and E2 into net lower estrogenic 

fluxes dominated by estrone, and to a lesser extent, E2, followed by BPA and 4-t-OP.  

The rest of the measured alkylphenols are minor contributors.   

Constructing valid mass balances around many of the pertinent unit operations at 

Plant B for most of the solid waste streams’ digesters proved problematic.  These 

difficulties related to inadequate simultaneous sampling of the separate thickening 

operations and recycle lines feeding preferentially into the three different groups of 

digesters.  A satisfactory mass balance around the egg-shaped digester was done, 

however.    As input to the control volume around the digester, the thickened combined 

sludge waste stream provided about 45% of its solid flux to the egg-shaped digester.  The 

other 55% of its mass flow entered the dual-phase acetogenesis/ methanogenesis digester.  

The simplified plant schematic does not reveal that sample point 6 (thickened combined 

sludge) does not feed the four conventional anaerobic digesters (sample point number 7).  

They are supplied from two separate thickening operations, not shown.  To compute the 

mass balance around the egg shaped digester, the estrogenic input from the thickened 

combined sludge mass flux was fractionally decreased to match its contributory flow.  An 

analysis of the liquid flow and solids mass flux balance shows that although the flows 

into and out of the digester balance, there is a net 41% reduction in solids from the action 

of the egg shaped digester (as should be expected).  This inherent reduction should be 
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kept in mind when reviewing the net percent reductions or increases reported for changes 

in estrogenic compounds’ activity.   

Review of the fifteen most important compounds show that exiting sludge from 

the egg-shaped digester was sampled and analyzed 5 times for the estrogenic hormone 

group (including DES), and 4 times for the alkylphenols, BPA and DEHP.  The control 

volume input was sample no. 6-gravity belt thickened primary and secondary (combined) 

sludge which was sampled and analyzed 3 out of 3 times for the steroid hormone 

compounds (including DES), and 2 out of 3 times for the alkylphenols, BPA and DEHP.  

DES did not quantify above minimal detection limit on any of the samples, nor did EE2, 

4-n-OP or estriol (E3).  Thickened combined sludge derived most of its estrogenic flux 

almost equally from nonylphenol (58% of the mass loadings) and E1 (30%), followed by 

an order of magnitude less in descending order, 4-tert-OP (5%), BPA (3%), 17α-estradiol 

(2%) and NP1EO (~1%) and DEHP (~1%).  Output from the egg shaped digester reveals 

that during mesophilic anaerobic digestion, the contributing portion of NP increases 

(65%) as expected, but the other alkylphenols remain at the same low percentages or 

decrease slightly ; 4-t-OP (5%), and all NP1-2EO and OP1-2EO compounds (<1%).  

DEHP remains at low levels (<1%), but BPA increases its flux (14%), and there is an 

appearance of 17β-estradiol (5%), where in the incoming load it registered below 

detection.  As a group, the alkylphenols show a net increase in mass flux of 403% (Figure 

2.3.3.2.7).   

The other two quantified estrogen hormones, estrone (9%) and 17α-estradiol 

(<1%) also increased their mass fluxes like E2, but their percentage of contribution 
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relative to the entire chemical signal decreased.  It was expected that the steroidal 

hormones would decrease due to conjugation with sulfate during anaerobic digestion, so 

the increase in their mass fluxes by 123% is unexpected, and not explicable by any 

known mechanism (Figure 2.3.3.2.6). 

In summary, although a mass balance around activated sludge was not done, it 

appears that many of the compounds’ relative distributions in the liquid streams before 

and after aerobic activated sludge treatment behaved as expected.  The relatively quick 

degradation of E2, and recalcitrance of E1 to secondary treatment reflects patterns of 

distribution reported by other researchers.  The minor contributions of estriol and 

ethinylestradiol throughout aerobic treatment follows expectations as well.  The 

preeminence of nonylphenol as a constitutent, seconded by 4-tert-OP in influent 

coinciding with the reduced appearances of the lower-chain ethoxylates of both NP and 

OP could imply that degradation of the higher-chain ethoxylates progressed in the sewer 

before entering the treatment plant.  Or, it could be related to underrepresentation of the 

steroidal hormones analysis in the one, rather than both sampling results for the influent.  

However, for the two dates where thickened combined sludge and digested sludge are 

simultaneously collected, OP2EO is not detected, but the other tracked lower-chain 

ethoxylates (NP1EO, NP2EO, and OP1EO) decrease their fluxes during anaerobic 

digestion, while there is a corresponding increase in 4-tert-OP and NP.  This pattern 

corroborates this theory of early biodegradation of the higher APnEOs (n=3-8) in 

advance of entry into the plant so there is no corresponding rise in AP(1-2)EO groups.   

BPA and DEHP mass fluxes also generally reflect expectations showing decreases (BPA 
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only) during aerobic secondary treatment, and increases during anaerobic digestion 

(Figure 2.3.3.2.4). 

 The ratio between the model of concentration addition results (Figure 2.3.3.2.1) 

and the YES bioassay (Figure 2.3.3.2.2) shows roughly about an order of magnitude 

difference (or 15%) between the two (Figure 2.3.3.2.5) that track in parallel until there is 

a notable depressive response of the bioassay for the anaerobically digested sludge.  The 

net increase of 31% for the YES bioassay response through the anaerobic digester (Figure 

2.3.3.2.9) appears to be a muted reflection of the larger increases noted by the CA model 

for the represented groups of APEOs and steroidal hormones.  However, there are at least 

three identified causes that can produce depressed bioassay responses: toxicity, anti-

estrogenic compounds, and competitive binding limitations.  At a minimum, nearly every 

Plant B sampling point in the treatment train has produced noticeable toxic effects in the 

YES bioassay at least once; however, toxicity has especially affected the specimens taken 

from the egg-shaped anaerobic digester.  Toxicity could originate from the sulfate 

reduction process or to high concentrations of DEHP in the digester, as reported earlier.  

Secondly, there are classes of chemicals that can act as anti-estrogens (or antagonists) 

that “block” the YES’ human estrogen receptor’s normal interaction with the available 

estrogens present, effectively reducing the registered response of the bioassay (Conroy, 

2005).  Furthermore, there may be limits on the capacity of the ligand-binding sites where 

estrogenic chemicals interact with the receptor, and preference of certain estrogens over 

others (Terasaka, 2006).          
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2.3.3.3 Plant C: Lime Addition to Secondary Waste Sludge  
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Figure 2.3.3.3.1. Average mass fluxes for concentration addition model results for Plant 
C.  Most of the contributing estrogenic activity derives from APEOs. 
 

The study on Plant C focused only on the performance of lime addition to dewatered 

sludge samples that consisted of thickened combined primary and secondary sludges not 

exposed to any digestion processes.  Secondary treatment is extended nutrient removal 

(denitrification/ nitrification) which has been shown to greatly reduce many estrogenic 

compounds.  Samples were collected twice, once in winter (December) and once in 

summer (July).  A reduced suite of chemical analyses were done and included the 

steroidal hormones (including DES), and the alkylphenols. The remainder of the 

wastewater indicator and pharmaceutical compounds (including Bisphenol A) were not 

appraised.  July had the samples evaluated for the entire suite of chemicals, but earlier in 
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December, only the steroidal hormones were assessed.  The YES bioassay was measured 

on both occasions.  Mass balance verification of the solids fluxes around the  
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Figure 2.3.3.3.2.  Average of YES bioassay results for Plant C with post-digestion lime 
addition.  
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Figure 2.3.3.3.3.  Average of YES bioassay relative to Plant C concentration addition 
model results. 
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Figure 2.3.3.3.4.  Mass balance results for averaged fluxes of steroidal hormones E2-α, 
E2-β, E1, EE2 and E3 through lime addition process at Plant C.  Mass Balance shows 
increase of 6.5%. 
 
lime addition unit operation reveals that input equals output on both occasions within less 

than 0.05%.  Neither 17-α estradiol nor 17-α ethinylestradiol measured at quantification 

levels for both periods, and 4-n-octylphenol (4-n-OP) and 4-octylphenol diethoxylate 

(OP2EO) also measured below detection for the single analysis done in July.  The 

steroidal hormones supply very little estrogenic activity in the dewatered sludge: the total 

8.698 9.2628.698 9.262
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of the averages of 17β-estradiol and estrone account for approximately 1% of the mass 

load.  DES contributes less than 1%, so the sample is dominated by APEOs.  

Nonylphenol carries 87% of the load, 4-tert-OP 9%, and NP1EO, NP2EO and OP1EO 

together provide the remaining 2% of the estrogenic activity.  Post-treatment with lime 

addition exhibits increases in the fractions of hormones (E2 and E1) up to 13% of the 

total estrogenic mass loadings, matched by the contribution of DES.  A net increase of 

6.5% is seen through lime addition (Figure 2.3.3.4), which seems negligible.  

Nonylphenol’s donation drops to 65%, but most of the APEOs have similar 

representative percentages unchanged from the dewatered sludge factors.  However, 

while the relative distribution seems similar, the mass flux rate dropped about an order of 

magnitude through the lime addition unit, so that a large net reduction of 93% for APEOs 

is seen through treatment (Figure 3.3.3.5). DES had a variable record of reduction 

through lime addition in December, but with increases observed from the lime addition in 

July: pre-treatment levels were below detection, post-lime addition revealed measurable 

values.  Averaging these fluxes produced a net increase through the unit process for DES 

of 72% (Figure 2.3.3.3.7).   

In overview, the model of concentration addition indicates that lime addition very 

effectively reduces estrogenic activity (Figure 2.3.3.3.1).  However, analysis of the 

effects of lime addition as measured by the YES bioassay invokes a radically opposite 

conclusion (Figure 2.3.3.3.2).  Review of each pairs of findings (in December and July) 

for the YES bioassay results shows that in both instances, lime addition caused 

approximately a 300% increase in estrogenic loadings (286% and 322% respectively).  
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 Because the CA model conclusions hinge on one set of alkylphenolic chemical 

measurements overpowering the contributions from the two steroidal hormones’ and YES 

bioassay analyses, it is difficult to definitely rely or make conclusive judgments about 

these disparate results.  However, there are some possible scenarios that could produce 

such observed changes.  Addition of such a strong base as lime (calcium hydroxide) 

could easily transform many of the identified and unidentified chemicals in biosolids into 

different forms.  For instance, aromatic epoxides can be non-enzymatically hydroxylated  

into ketones and phenols (Dowers, 2004).  Addition of an unhindered phenolic OH group 

in a para position to compounds with molecular weights between 140-250 Daltons 

imparts estrogenic activity in the YES bioassay (Miller, 2001). Phenolic hydroxylation of 

benzophenone and other proestrogens (such as PBDEs) by a common enzymatic catalyst 

in the cyctochrome P450 system can convert these compounds into estrogenic forms 

(Kawamura, 2004; Kitamura, 2008).  Furthermore, transformation of nonylphenol and 4-

tert-octylphenol under basic conditions with ethylene oxide creates longer chained APEO 

entities, and is the standard method for producing APEOs (Zoller, 2009).  So, in essence, 

it could be postulated that addition of lime creates longer ethoxylate-chained 

alkylphenols (that are not identified and tracked in the study) from precursor NP and OP 

compounds with low-chained or absent EO groups.  This synthesis causes the significant 

drop in fluxes of nonylphenol and octylphenol in the CA model from the dewatered 

sludge to the lime-treated sludge.  Perhaps this reaction is the cause for the anomalously 

higher percentage (77%) of the combined NP1EO and NP2EO concentrations over that of 

its totaled NP1EO + NP2EO + NP loadings in a lime-treated biosolids sample as 
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compared to the averaged ratios of five anaerobically digested sludge samples that 

averaged 9%; that is, the measured nonylphenol entities with ethoxylate chains were 

significantly higher than the de-ethoxylated NP after liming, compared to those digested 

sludges sampled pre-liming (LaGuardia, 2001).  However, the other limed biosolid 

sample in LaGuardia’s study displayed only moderate proportions of (NP1EO + NP2EO) 

/ (NP + NP1EO+NP2EO).  The limed-samples’ ethoxylated nonylphenols measured 

11%, only slightly over the average 9% of the anaerobically digested sludges.  A review 

of Plant C’s CA model for nonylphenol and octylphenol species ratios for the ethoxylated 

groups relative to the total APEOs in that group showed also no significant difference 

between the sludge and lime treated samples.  The primary difference between the two 

samples is due to the substantial drop of an order of magnitude in nonylphenol flux 

(Figure 2.3.3.3.5).  Moreover, the sludge processing at Plant C is limited to only primary 

and secondary treatment, and does not undergo anaerobic digestion (as in LaGuardia’s 

study), so the distribution of compounds will not be analogous.  Past research on the 

impact of liming has focused on its roles in metal transformation; insufficient work has 

addressed lime effects on organic contaminants and EDCs. 

Finally, the notable discrepancy between the decrease in the CA model’s 

projected fluxes and the 312% increase in YES bioassay response (Figure 2.3.3.3.6) from 

the addition of calcium oxide to digested sludge can be explained by the hypothesis by 

the hydroxylation of proestrogen compounds that would transform inactive compounds in 

dewatered sludge into estrogenically significant, unidentified compounds that would 

register highly on the YES bioassay in the lime-amended sludge.    
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Figure 2.3.3.5.  Mass balance results for averaged fluxes of APEOs through lime addition 
process at Plant C.  Mass Balance shows reduction of 93%, primarily due to a significant 
reduction in nonylphenol.  
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Figure 2.3.3.6.  Mass balance results for averaged fluxes of YES bioassay through lime 
addition process at Plant C.  Mass Balance shows increase of 312%. 
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Figure 2.3.3.7.  Mass balance results for averaged fluxes of DES (diethylstilbestrol) 
through lime addition process at Plant C.  Mass Balance shows increase of 72%. 
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2.3.3.4 Plant D: Thermophilic Anaerobic Digestion 

Figure 2.3.3.4.1.  Plant D’s fifteen most important compounds’ averages in the YES 
concentration addition model.  17β-E2 and E1 are the most prominent estrogenic 
contributors in Primary Influent, Primary Clarifier Effluent and Secondary Effluent (not 
visible).  In Primary and Secondary Sludge, nonylphenol and octylphenol contribute 
approximately equally to the estrogenic activity as the collective hormones, but in 
digested sludge, nonylphenol supplies most of the estrogenic promotion. 

Figure 2.3.3.4.2.  Averages of concentration addition model results for Plant D which 
features thermophilic digestion with collective groups of prominent contributors. 
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Figure 2.3.3.4.3.  Plant D’s YES bioassay mass daily fluxes at different sampling points. 
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Figure 2.3.3.4.4.  Ratio of YES bioassay daily fluxes to results of averaged model of 
concentration addition for Plant D. 
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Table 2.3.3.4.1.  Examination of unit operation control volume balances for liquid flows 
and solids mass fluxes for each sample period, along with averages and standard 
deviations of the variance.  Negative percentages indicate a net increase in flow or flux 
through the unit operation; positive values denote decreases. 

Unit Process Date liquid flow solids mass flux
Activated sludge March 1.48% -36.21%

June 1.43% -29.48%
September 1.38% -10.96%
December 1.49% -16.11%
Average 1.45% -23.19%
Standard Deviation 0.05% 11.67%

Therm. An. Digester March -26.00% 59.00%
June -35.00% 56.00%
September -30.00% 50.00%
December -58.00% 50.00%
Average -37.25% 53.75%
Standard Deviation 14.31% 4.50%

Plant March -0.25% 50.00%
June -0.11% 39.00%
September -0.05% 42.00%
December -0.24% 44.00%
Average -0.16% 43.75%
Standard Deviation 0.10% 4.65%  
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Figure 2.3.3.4.5.  Plant D prominent hormones’ flux (E2-α,E2-β,E1,E3, EE2) model of 
concentration addition (Mol EE2 equivalent activity / day).  Mass balance through the 
plant results in an 81% reduction in total hormonal flux. 
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Figure 2.3.3.4.6.  Plant D: Estrogenic Activity based on prominent xenoestrogens: 
Mass Fluxes of APEOs  and DES/BPA/DEHP (in parentheses) [Mol EE2 equivalent 
activity / day; <MDL=< minimum detection limit].  Mass balance increase of 5,019% 
(≥1,330%) through the plant.  Fluxes calculated fromYES-based CA model. 
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Figure 2.3.3.4.7.  Plant D: YES bioassay flux results (Mol EE2 equivalent activity / day). 
The mass balance exhibits a net reduction of 65% through the plant.   
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Figure 2.3.3.4.8.  Plant D prominent hormones’ flux (E2-α,E2-β,E1,E3, and EE2) model 
of concentration addition (Mol EE2 equivalent activity / day).  Mass balance around two 
different unit operations: the activated sludge process shows a 94% reduction, while the 
thermophilic anaerobic digester demonstrates a 109% increase in total hormonal flux. 
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Figure 2.3.3.4.9.  Plant D APEOs’ flux model of concentration addition (Mol EE2 
equivalent activity / day).  Mass balance around two different unit operations: the 
activated sludge process shows an 80% reduction, while the thermophilic anaerobic 
digester demonstrates a 3,551% increase in total hormonal flux. 
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Figure 2.3.3.4.10.  Plant D’s DES/BPA/DEHP flux model of YES concentration addition 
(Mol EE2 equivalent activity/day).  Mass balance around two different unit operations: 
the activated sludge process shows a 59% reduction, while the thermophilic anaerobic 
digester demonstrates a 140% increase in total estrogenic equivalent flux. 
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Figure 2.3.3.4.11.  Plant D’s YES bioassay flux model of concentration addition (Mol 
EE2 equivalent activity/day).  Mass balance around two different unit operations: the 
activated sludge process shows a 75% reduction, while the thermophilic anaerobic 
digester demonstrates a 135% increase in total estrogenic equivalent flux. 
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that for the entire plant the liquid flows differed by an average of  0.16% with a standard 

deviation of 0.10%.  The solid flux balances for through the plant averaged a 44% 

reduction with an approximate 5% standard deviation.  Average liquid flows for the 

control volume around the activated sludge process balanced within approximately 1.5% 

(standard deviation was equal to 0.05%), but the solids exhibited an average increase of 

23% and a standard deviation of nearly 12%.   

The balance around the anaerobic digester was missing two stream flows that 

were not sampled; after digestion, a liquid recycle stream (DSF recycle) was siphoned off 

and sent to the head of the plant, while some of the separated solids in that waste stream 

were trucked off to the landfill.  The DSF recycle liquid output is equal to the flow 

leaving as digested sludge (sample point 8), but the solids taken to the landfill only 

constitute about 4% of the solids flux of sample point 8, digested sludge.  With the flows 

of these recycle lines deleted out of the control volume balance check, the liquid flows in 

and out of the digester exhibit a 37% increae with a standard deviation of 14%.  The 

solids flux balance shows that on average, a 54% reduction occurs, but the standard 

deviation is about 5%.   

All liquid stream flows and waste activated sludge were sampled and analyzed 

twice (in June and December), with some exceptions: the December WAS sample was 

not tested for all the hormones (including DES) because of matrix issues.  Bisphenol A 

was never tested for in Influent or Primary Clarifier Effluent because of matrix issues as 

well.  DEHP was never tested for in any of the liquid streams, only the solid waste 

streams.  The steroidal hormones in Plant D’s liquid streams (influent, primary clarifier 



   
   
                                                                                                                                             

 

167 

effluent, and secondary effluent) provide over 75% of the measured estrogenic activity in 

the concentration addition model (Figures 2.3.3.4.1 and 2.3.3.4.2).  About 50 % of the 

activity in influent and primary clarifier effluent is attributed to estrone, which decreases 

in flux by two orders of magnitude in the secondary effluent related to biodegradation 

during activated sludge treatment.  It decreases in relative importance as well, comprising 

about 29% of the activity, and equals the contributions of 17α-ethinylestradiol (EE2) 

(28%).  Plant D is the only plant where EE2 imparts relative estrogenic activity above 

10%.  The combined contributions of 17α- and 17β-estradiol in the liquid phases drop 

from approximately 40% to 20% through secondary treatment.  Nonylphenol and 4-tert-

octylphenol equally donate approximately 5% each of the total estrogenic signal to 

influent and primary effluent, while the lower chain ethoxylates of NP and OP register 

less than 0.5%.  In secondary effluent, the nonylphenol percentage rises to 12%, but the 

other APEOs stay at similar contributive ratios.  The estrogenic hormones as a group 

decrease by 94% through activated sludge treatment as seen in the mass balance results in 

Figure 2.3.3.5.8.  Waste activated sludge output hormone fluxes are almost as low as that 

of secondary effluent, but that is a reflection of the vast difference in WAS’ low flow and 

high solids content compared to secondary effluent.  WAS has similar contributive 

percentages of estrone (37%) and combined 17α- and 17β-estradiol (19%) to secondary 

effluent, but it has a higher ratio of nonylphenol (34%).  Even so, the mass balance 

around the activated sludge unit show a net decrease of 80% for APEOs as a group 

(Figure 2.3.3.4.9).  The mass balance results around secondary treatment for the 

xenoestrogens DES/ BPA/ DEHP show an approximate 59% reduction (Figure 
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2.3.3.4.10), even though the findings are affected by insufficient data for BPA and DEHP 

in the primary clarifier effluent and secondary effluent.   

The corresponding YES bioassay mass balance results around the activated sludge 

unit exhibit a similar reduction in fluxes of 75% (Figure 2.3.3.4.11), although the YES 

bioassay results usually scale to < 20% of the model of concentration addition results 

(Figures 2.3.3.4.3 and 2.3.3.4.4).   
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Figure 2.3.3.4.12.  Concentration addition model (for T47D-KBluc bioassay) for June 
2006 sampling from Plant D with delineations for 15 most prominent compounds.     
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Figure 2.3.3.4.13.  Concentration addition model (for T47D-KBluc bioassay) for June 
2006 sampling from Plant D with major compound groups. 
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Figure 2.3.3.4.14.  T47D-KBluc bioassay results for Plant D samples in June 2006.     
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Figure 2.3.3.4.15.  Concentration addition model (for YES bioassay) for June 2006 
sampling from Plant D with designations for the most prominent compounds.     
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Figure 2.3.3.4.16.  Concentration addition model (for T47D-KBluc bioassay) for June 
2006 sampling from Plant D with major compound groups. 
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Figure 2.3.3.4.17.  T47D-KBluc bioassay results for Plant D samples in June 2006.     
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Figure 2.3.3.4.18.  Schematic of Plant D with calculated totaled fluxes of prominent 
hormones including E2-α, E2-β, E1, E3 and EE2 in moles of ethinylestradiol equivalent 
estrogenic activity/day for the June 2006 sampling.  Fluxes were derived from the 
Concentration Addition (CA) Models based on both the T47-D/KBluc bioassay results 
(the first listed numbers) and also for the YES bioassay fluxes (the second number in 
italics).  Mass balances for three different control volumes are designated by dashed-line 
boxes, and focused on the through-plant performance, activated sludge unit, and the 
thermophilic anaerobic digester.  The three mass balances were calculated for both the 
KBluc CA model and the YES CA model and the percent reductions noted are listed to 
the right. 
 

The calculated mass balances through the plant show that the KBluc CA model reduces 

the tracked hormones by 95%, close to the 90% decrease seen in the YES CA model.  

The activated sludge operation diminished 93% of the incoming hormonal load as 

reported by the KBluc CA model, more than the 70% reduction seen by the YES CA 
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model.  Comparing the two CA models for the anaerobic digester showed that the KBluc 

exhibited greater degradation of the incoming flux (85%), than the YES (75%). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.3.4.19.  Schematic of Plant D with calculated totaled fluxes of analyzed 
APEOs (4-n-OP, 4-t-OP, 4-NP, NP1EO, NP2EO, OP1EO, OP2EO) in moles of 
ethinylestradiol equivalent estrogenic activity/day for the June 2006 sample period.  
Fluxes were derived  using Concentration Addition (CA) Models based on both the T47-
D/KBluc bioassay results (numbers listed to the left or on top) and also for the YES 
bioassay fluxes (numbers in italics).  Three unit-operation mass balances were calculated 
for both the KBluc and YES CA Models for the entire plant, the activated sludge, and the 
thermophilic anaerobic digester.  The resulting mass balance increases seen for the 
tracked alkylphenols’ fluxes through each operation are listed to the right. 
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sludge (with increases around 100%) and the digester (with increases > 40%).  Primary 

clarifier sludge exhibited concentrations at least an order of magnitude larger than the 

total APEO estrogenic activity reported in influent values, which is why there is such a 

large discrepancy in increases between the plant mass balance increases (>1200%) , and 

the combined increases of approximately 140% attributable to the biotransformations 

derived from secondary and digestive treatment. 

 The lack of data for influent and primary clarifier effluent for the xenoestrogen 

group of DES, BPA and DEHP prevented calculating mass balances for the through- 

plant and the activated sludge processes.  The mass balance around anaerobic digestion 

showed that there was reduction reported by both CA models ≥85% (Figure 2.3.3.4.20). 

 Analysis of the mass balance for benzophenone through thermophilic anaerobic 

digestion also revealed some reduction (61%) through the KBluc-based CA model 

(Figure 2.3.3.4.21), almost equaled by degradation through aerobic secondary treatment 

(59%), with an overall through-plant decrease of 76% in estrogenic activity.  Most 

notably, benzophenone contributes about the almost half the KBluc-based estrogenic flux 

(.0026 EE2-eq g/day) in outputs as DES, BPA and DEHP combined (.0066 EE2-eq 

estrogenic activity in g/day), so qualifies as an equally important xenoestrogenic 

estrogenic component in wastewater outputs into the environment.   

 Unit operation mass balances based on whole samples as quantified by the yeast 

estrogen screen and the T47D-KBluc bioassays are seen in Figure 2.3.3.4.22 reflect 

degradation for through plant treatment close to 95% for the KBluc and 76% for the YES.  

Pursuant to activated sludge, reduction as measured by the YES is considerably lower 
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(51%) than as quantified by KBluc (98%).  Decreases observed through the digester 

similarly register as 60% (KBluc) and 62% (YES).    

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.3.4.20.  Schematic of Plant D with calculated totaled fluxes for xenoestrogens  
Diethylstilbestrol (DES), Bisphenol A (BPA) and di-ethylhexyl phthalate (DEHP) in 
moles of ethinylestradiol equivalent estrogenic activity/day for the June 2006.  Fluxes 
were derived using Concentration Addition (CA) Models based on both the T47-D/KBluc 
bioassay results (numbers listed to the left or on top) and also for the YES bioassay fluxes 
(numbers in italics).  DES registered as below the minimum detection limit for influent 
and primary clarifier effluent, and BPA and DEHP were not analyzed for these two 
samples because of matrix issues.  Therefore, the mass balances for the through-plant and 
activated sludge operations were affected by these insufficient analyses and were not 
calculated.  The thermophilic anaerobic digester’s mass balances for the KBluc and YES 
CA Models had a more complete set of chemical data and show similar reductions in 
fluxes, 99% and 85% respectively. 
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Figure 2.3.3.4.21.  Schematic of Plant D with calculated totaled fluxes for the 
xenoestrogen, benzophenone in moles of ethinylestradiol equivalent estrogenic 
activity/day for June 2006 based on the KBluc Concentration Addition Model.  
Benzophenone registers as estrogenic in the KBluc bioassay, but can only be detected by 
the YES assay when it is in a hydroxylated form, so no fluxes are reported.  The three 
mass balances all show reduction, and are listed to the right. 
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Figure 2.3.3.4.22.  Schematic of Plant D with fluxes of the KBluc and YES (in italics) 
bioassay results in moles of ethinylestradiol equivalent estrogenic activity/day for the 
June 2006 sample.  Mass balances for three different control volumes focused on the 
through-plant performance, activated sludge unit, and the thermophilic anaerobic 
digester.  The three mass balances were calculated for both the KBluc CA model and the 
YES CA model and the percent reductions noted are listed to the right. 
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Figure 2.3.3.4.23. Comparison of the same wastewater liquid-phase samples as measured 
by the First Response method on both the T47D-KBluc (on the x-axis) and the YES 
(vertical axis) bioassays.  The solid 45˚ diagonal line denotes where the two assays would 
provide the same E2-equivalent estrogenic activity in mol/L (EEQ).  In contrast, the data 
spreads along a horizontal band which implies that there is no direct correlation between 
the two responses.  
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Figure 2.3.3.4.24.  Comparison of the same wastewater solid-phase samples as measured 
by the First Response method on both the T47D-KBluc (on the x-axis) and the YES 
(vertical axis) bioassays.  The diagonal line designates where the two assays would 
provide equal estrogenic activity (EEQ) concentrations in mol/g.  Data points along the 
horizontal axis denotes where the YES assay registered below detection, even though 
there was a positive response in the KBluc assay.  Review of the data distribution reveals 
a wide horizontal band which implies that there is no direct correlation between the two 
responses.   
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Figure 2.3.3.4.25.  Comparison of E2-eq estrogenic activities between the ER-CALUX 
and the YES bioassays and the linear regression relationship between the two responses 
in a) surface water, influent and effluent liquid samples, and b) particulate matter and 
sewage sludge (graphs from Murk, 2002).  Linear regression line for the liquid samples 
(a) was y=0.71x, r= 0.82, n=49; solid samples; linear regression for (b) was y=1.7x, r= 
0.93, n=19.  ▲ designates where the YES readings were below detection limit (dl). 
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 When the two bioassays’ (T47D-KBluc and YES) estrogenic equivalent responses 

to the identical environmental samples are plotted one against the other for liquid-phase 

(Figure 2.3.3.4.23) and solid-phase samples (Figure 2.3.3.4.24), it is evident that there 

does not exist a good correspondence between the two findings, because there is a wide 

horizontal band that does not trend similarly to the 45 degree diagonal solid line where 

they would exactly correlate.  The concentration 1 x 10-16 Mol/L was the designated 

below detection level for both graphs.  In contrast, another researcher’s plotted results for 

both liquid and solid-phase influent, effluents, output sludges and effluent-impacted 

surface waters (Murk, 2002) from three municipal treatment plants with unspecified 

biological processes and from two industrial treatment plants do show clear linear 

correlations between the two bioassays’ (ER-Calux and YES) results (Figure 2.3.3.4.25).  

Both the KBluc and ER-Calux are modified T47-D breast cancer cells.  The YES 

responses in both studies (ours and Murk’s) reveal that the bioassay often responds below 

detectable levels (along the horizontal axis baseline), although the KBluc / ER-Calux 

systems significantly register due to the breast cancer cells’ better sensitivity to low 

concentrations.  The lack of correlation between KBluc and YES environmental samples 

in our study as compared to Murk’s may stem from the differences in the survey focus in 

both studies.  Our samples were derived from each processing stage’s waste stream as it 

progressed through primary separation, secondary activated sludge, thickening, anaerobic 

digestion and dewatering. Murk’s study obtained samples from influent and secondary 

effluents and sewer sludges from a variety of unidentified biological (or other processes) 
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as well as river samples.  It is difficult to surmise the source of the differences related to 

Murk’s study, but it could be postulated that through a reviewing of the results of our 

study, that there are differential responses to different chemicals between the two 

bioassays (two examples are the KBluc’s lower responses to E1 and NP as compared to 

the yeast estrogen screen) that will alter in predominance depending upon the wastewater 

environmental conditions and through selective biodegradation will be dominated by 

different suites of compounds at different points along the treatment process.  In addition, 

transformation of certain chemicals into more potent estrogenic antagonists during 

treatment, (which are not measured, or addressed in this or very many other research 

studies) could complicate interpretative correlations between bioassay responses if one 

bioassay is more sensitive or reactive to the antagonist than the other.  It could be 

theorized that the gap between the  KBluc’s and the YES’ CA models relative to each of 

the bioassays’ measured responses widen due to unidentified antagonistic compounds 

produced with treatment.  The “suppressed” positive responses of the KBluc’s cell line to 

solid waste stream samples relative to its own responses to liquid-phase samples and 

relative to the YES’ bioassay responses could just stem from higher reactivity of the cell 

line to antagonists.    Although the differences between the two in vitro bioassay results 

may not ever be understood completely, in can be argued that both of the bioassays’ 

responses are valid.           
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2.3.3.5 Evaluation of Concentration Addition Model 

There are only a few parallel studies that have linked chemical analysis and 

bioassay results using concentration addition modeling to review wastewater treatment.  

An early study by Tanaka, 2001, tested 43 suspected estrogen agonists on the yeast 

estrogen screen for their dose-response curves.  His group then surveyed 20 wastewater 

plants’ influents and secondary effluents to analyze for these chemicals and generate a  

concentration addition model where they compared the compiled averaged results (the 

theoretical estrogenicity) to two results: the YES bioassay results, and the contributory 

17β-estradiol component as quantified by an enzyme-linked immunosorbent assay 

(ELISA).  Thirteen of the twenty plants utilized conventional activated sludge processes, 

three employed a sequential anaerobic/ aerobic treatment, and the four plants used 

specialized combination methods.  Specifics on digestive processes were omitted.   

Overall assessments between the projected E2-equivalent concentration activities 

for the plants’ influents and effluents theoretical concentrations, and the YES and ELISA 

assays show that reduction occurred through primary and secondary wastewater 

treatment, and that E2 was a dominant contributor to the observed estrogenicity.  Of the 

40 influent samples, it graphically appears that an approximate 15% of them had 

theoretical estrogenic activity greater than the YES observed activity, 22% of the samples 

had theoretical results closely match the YES assay, but the majority of the samples 

exhibited higher observed activity in the YES unattributable to the tracked identified 

estrogenic compounds in the theoretical estrogenic concentration (the CA model).  The 

effluents’ distribution between the two methods of gauging estrogenic activity displayed 



   
   
                                                                                                                                             

 

185 

about 15% of the samples registering higher in the CA model results than the YES, but 

65% (a majority of the samples) had the CA model equate the bioassay’s valuation, while 

the remaining 20% seemed to have the CA model underestimate the observed yeast 

response due to contributions from unknown estrogenic compounds (Tanaka, 2001).   

A parallel analysis for the same survey of the twenty Japanese plants focused on 

identification and allotment of the free and conjugated estrogens in the influent and 

effluent samples.  Besides appraising for estrone, estradiol, estriol and ethinylestradiol, 

the conjugated sulfate and glucuronide species for E1, E2, and E3 were identified, as well 

as E2-SG (beta-estradiol 3-sulfate 17-glucuronide) and E24S (estradiol 3.17-disulfate) 

(Komori, 2004).  Analytical recoveries for the free species averaged 94%, however, the 

conjugated estrogens scored low recovery efficiencies below 50%.  Consequently, the 

singularly high valuations of conjugated species in both influent and effluent in 

comparison to other researchers’ findings (D’Ascenzo, 2003; Belfroid, 1999) seemed to 

be anomalous, although concentrations for the free estrogen species displayed similar 

averages and ranges reported by the same studies.  The percent of conjugated species 

increased after treatment, in direct opposition to the other papers’ observations.        

Another investigation that found the bioassay responses measured less than, or 

approximately equivalent to the predicted concentration addition estrogenic activity 

concentrations involved a survey of fifteen environmental samples from wastewater 

effluent and effluent-impacted waters sourced from unspecified wastewater secondary 

treatment unit processes (Snyder, 2001). Researchers chemically analyzed for five EDC 

agonists (E2, EE2, NP, nonylphenol polyethoxylates (NPE), and OP).  The study 
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bioanalytically assessed samples with the MVLN bioassay (MCF-7 breast cancer cells 

with a luciferase reporter gene construct added.)  NPE was excluded from the CA model, 

because of a lack of a representative standard.  Summarily, the report of the effluent 

survey’s CA model results showed that nonylphenol and octylphenol estrogenic 

equivalent activity contributed less than 1% of the total concentration (with one 11% 

exception).  E2 was the dominant identified contributor to estrogenicity, with EE2 

providing less than 20% input on average.  Fractionations of the sample extracts to isolate 

the APs from the estrogens showed that the NP+OP fractions generated registered below 

detection on the MVLN assay for most of the samples.  The E2+EE2 fractionated effluent 

sample extracts generated most of the estrogenic response.  In general, however, the 

MVLN bioassay produced EEQ values that were only approximate or lower than the CA 

model estimates.  The bioassay’s inhibited response was inferred to originate from 

interferences from unknown chemicals or from interaction with antagonistic compounds 

(Snyder, 2001).   

The study of an oxidation ditch process from a wastewater treatment plant in 

Genoa, Italy collected influent (Liscio, 2009) through continuous flow into a 100 L tank 

over a five-day period for two separate episodes.  Effluent was collected in a 100 L tank 

over two distinct seven-day periods.  Passive sampler devises in each of the tanks used a 

polar organic chemical integrative sampler (POCIS), which has a sorbent phase (OASIS 

HLB) section inserted between two membranes of microporous polyethersulphone to 

adsorb the hydrophobic compounds diffusing through the membranes for the two periods 

followed in sequence.  A negative control tank with water underwent a similar regimen as 



   
   
                                                                                                                                             

 

187 

the test samples.   Liquid samples were analyzed for five EDC compounds (17β-esradiol, 

estrone, 17α-ethinylestradiol, nonylphenol, and bisphenol A) on LC/MS/MS. The in vitro 

YES bioassay was utilized to measure extracts derived from the POCIS samples.  Bio-

monitoring through an in vivo freshwater mussel (Unio pictorum) test was used to 

parallel the collected test samples’ treatment.  Comparing the results for four of the five 

tracked compounds for their relative contributive estrogenic equivalent activity can be 

seen in Figures 2.3.3.5.1 and 2.3.3.5.2.  Duplicates of each sample for each period were 

averaged for graphical simplicity.  Removal efficiencies estimated through the 

concentration addition model for all compounds show an approximate 75% reduction 

through the oxidation ditch processing (from influent to effluent, Figures 2.3.3.5.1 and 

2.3.3.5.2), predominantly due to decreases in E2 (87%) while E1 and BPA were less 

(70%), followed by NP (55%) (Liscio, 2009).  Liscio’s YES bioassay results correlate 

well to the concentration addition model totals (Figures 2.3.3.5.3 and 2.3.3.5.4).     
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Figure 2.3.3.5.1.  Average YES-based CA model results for two consecutive sampling 
periods (p1 and p2) for Influent in units of E2-equivalent estrogenic  activity (ng/POCIS) 
in an oxidation ditch wastewater treatment plant (Liscio, 2009) compared to averages (in 
E2-equivalent activity in ng/L) of a summer and winter sampling for Plants B and D in 
this WERF study.  However, BPA was not quantified in the influent of Plant D 
(designated as not tested=T).  Examination of the relative contributions to influent in both 
studies show that most of the activity is attributed to the natural estrogens 17β-estradiol 
(E2) and estrone (E1) across all plants, but that WERF Plants B and D exhibit much 
higher estrogenic contributions from nonylphenol (NP) and secondly by bisphenol A 
(BPA) than in Liscio’s wastewater influent.  
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Figure 2.3.3.5.2.  Averaged concentration addition model results for two consecutive 
sampling periods (p1 and p2) for Effluent in units of E2-equivalent estrogenic  activity 
(ng/POCIS) in an oxidation ditch wastewater treatment plant (Liscio, 2009) compared to 
averages of a E2-equivalent activity (ng/L) for summer and winter samplings for Plants B 
and D.  Most of the contributing estrogenic activity in effluent similarly can be attributed 
to 17β-estradiol (E2) and estrone (E1) as in influent (Figure 2.3.3.5.1.), but Plants B and 
D still show higher NP concentrations than in Liscio’s samples.  BPA correlates well 
between the three different wastewater treatment operations’ effluents. 
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Figure 2.3.3.5.3.  Influents’ averaged total E2-equivalent estrogenic activity from all 
compounds derived from the concentration addition model results (CA model-EEQ) 
when compared to the results of the YES bioassay (YES-EEQ) show similar 
concentrations for the two sampling periods for Liscio (2009).   The CA model results for 
Plants B and D in this WERF study were based only on the identified compounds in 
Figures 2.3.3.5.1 and 2.3.3.5.2 in order to mimic Liscio’s study.  The CA model totals 
measure much higher than the correlative YES results for Plants B and D, a notable 
discrepancy.   
 

The correlation between the bioassay’s measured estrogenicity and the 

concentration addition model results for the surface water, influent and effluent samples 

exhibited a strong linear correlation (y=0.85x; R2 = 0.67; n=10).  However, the 

biomonitoring results for the mussels were difficult to interpret, due to the animal’s 

endogenous hormonal production observed in the negative control tank.   
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Figure 2.3.3.5.4.  WERF concentration addition models of averages of secondary effluent 
for WERF Plants B and D which both use similar activated sludge treatments compared 
to two consecutive samplings of an oxidation ditch process by Liscio (2009).  Better 
removals through secondary treatment are evident for Plants B and D as seen as the 
difference in concentrations between Figures 2.3.3.5.3 and 2.3.3.5.4.  The CA model 
results provide more elevated estrogenic equivalent activities than the YES bioassay in 
three of the four effluents.    

 

Composing a counterpart analysis for the two plants in our WERF study that have 

influent and secondary effluent samples revealed that both Plants B and D congruently 

reveal higher concentrations of nonylphenol and bisphenol A in influent in contrast to 

Liscio’s study (Figure 2.3.3.5.1).  The natural estrogens E1 and E2 are important 

contributors, which correspond to Liscio’s findings, but not as overwhelmingly dominant.  

Comparisons between the estrogenic equivalent activities from the concentration addition 

model totals for the four compounds in Plants B and D to the matching YES bioassay 

readings (Figure 2.3.3.5.3) show much larger discrepancies between the two, which is 

dissimilar to the near equivalence seen in Liscio’s findings.  Suppression of the bioassay 

as compared to the concentration addition (CA) model is evident for Plants’ B and D 
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samples when compared to the influent and effluent results of Liscio, 2009 (Figures 

2.3.3.5.3 and 2.3.3.5.4).  Although Liscio et al. noted suppression of the YES bioassay 

signal at high doses of influent related to toxic effects of the sample (similar to our 

findings), an overall evaluation of the relationship of the four data points (Figure 

2.3.3.5.5) for the data from our study of Primary Influent and Secondary Effluents from 

WERF Plants B and D reveal a much lower response of the YES bioassay (19% of the 

CA model-EEQ) estrogenicity compared to that of the calculated concentration addition 

(CA) model (y=0.1917x; R2=0.86; n=4).     
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Figure 2.3.3.5.5.  Average Influent and Secondary Effluent estrogenic equivalent 
concentrations for Plants B and D comparing the chemically-based analysis of the 
concentration addition model for four compounds (NP, BPA, E1 and E2) to the YES 
bioassay results.  The linear relationship for the four data points projects that the YES 
response equilibrates to only 19% of the CA model’s results. 
 
 A more extensive suite of 26 natural, plant-derived and synthetic sterols and 

hormones were analyzed along with 4 xenoestrogens in a research study reported by M.P.  
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Fernandez (2007) that focused on influent and effluent streams from four wastewater 

treatment works.  The first facility (plant B) had a trickling filter/ solids contact design; 

the following two facilities (plants C and D) utilized an activated sludge with biological 

nutrient removal process; plant E had an aerated lagoon with three ponds in series with 

decreasing levels of oxygen.  Findings identified the most abundant of the natural 

estrogens were E1>E2>E3 in both influent and effluent, which was similar to the 

conclusions of this study.  19-Northindrone was the most frequently identified synthetic 

estrogen/progesterone compound found in influent (26-224 ng/L), which was counter to 

all our measurements where it registered below detection.  However, in effluent, 17α-

ethinylestradiol was assessed as the most prevalent synthetic estrogen/progesterone 

compound, which confirmed our findings.  Nonylphenol and di(2-ethylhexyl)phthalate 

(DEHP) provided the highest non-steroidal synthetic concentrations in the study’s 

effluents (both at levels of 6-7 µg/L).  These levels of nonylphenol reported by Fernandez 

are within the range of our results; however, DEHP was not analyzed for in our influent 

and effluent samples for Plants B and D, so no parallel assessment for phthalates’ fates 

during secondary treatment in comparison to similar studies can be concluded. 

The estrogenic potencies used for in Fernandez’ calculation for estrogenic activity 

are values reported by Coldham (1997).  For nonylphenol and bisphenol A, 

  



   
   
                                                                                                                                             

 

194 

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

1.0E+02

NP BPA DEHP E1 b-E2 EE2 E3

Detected Compounds

E
2-

eq
ui

v 
ac

tiv
ity

 (
ng

/L
)

I-WERF-B

I-WERF-D

Influent B

Influent C

Influent D

Influent E

 

Figure 2.3.3.5.6.  Concentration addition model results for seven compounds’ relative 
estrogenic contributions (E2-equivalent activity, ng/L) in wastewater influent derived 
from the current WERF study results for Plants B and D, and findings from four Western 
Canadian treatment plants reported by MP Fernandez (2007).  The calculated E2-
equivalent estrogenic activity concentrations were derived from different sets of 
estrogenic potencies for each compound multiplied by their chemical concentrations.  
Those chemicals not tested for (T) during the sample analyses are labeled in place of the 
representative column, and include BPA in Influent for WERF plant D, and DEHP for 
both Influents in WERF Plants B and D.  Missing representative columns for all other 
samples imply that the samples scored below detection for that compound.   

 

they are about an order of magnitude less than in our study; 7.5% and 29% respectively 

of our selected potencies.  But even with that reduction, their significant concentrations 

provide a calculated E2-equivalent estrogenic activity to approximate the CA model 

activity found in our samples (Figures 2.3.3.5.6 and 2.3.3.5.7), and also score much 

higher than the nonylphenol-related estrogenic activities reported in Liscio’s study 

(Figures 2.3.3.5.1, 2.3.3.5.2).  Estrone’s estrogenic potency used in Fernandez’ study is a 

low 25% of our value; the other remaining compounds’ estrogenic potencies as reported 

by Coldham equal 75% or higher of our numbers.  Estrogenic contributions from 

T TT 
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nonylphenol are within the same range as E1 in most of the influents in Fernandez’ and 

our study.  Even though there is approximately one order of reduction through secondary 

treatment as evidenced by the effluent levels in Figure 2.3.3.5.7, it provides more 

estrogenic activity than BPA or estriol, and has similar values as DEHP.   

Because DEHP in our study was a fairly prominent xenoestrogen in solid waste 

streams, tracking its progression through the earlier primary and secondary treatment 

proved problematic because it was not tested for in primary influent, primary effluent or 

secondary effluent, so we could not calculate mass balances for those processes or even 

through-plant removal efficiency and compare those results to previously published 

findings .  So, as an exceptional case, the relative estrogenic potency for DEHP as 

reported by Petrovic (2004) was substituted for Fernandez’ null value (as reported by 

Coldham, 1997) to calculate the DEHP CA model concentrations for Figures 2.3.3.5.6 

and 2.3.3.5.7.  Notably, Fernandez’ CA model totals (used in Figures 2.3.3.5.8 and 

2.3.3.5.9) do not include these theoretical estrogenic activity contributions from DEHP.  

A motivating factor for calculating these theoretical estrogenic activities was the goal of 

comparing the roles of some representative  phthalate esters relative to a similar suite of 

steroidal hormones and xenoestrogenic compounds in two CA models where one used the 

YES bioassay (Fernandez, 2007), and the other employed a breast cancer bioassay (Tan, 

2007). The analysis of these parallel studies and how they relate to the findings in this 

paper is reviewed in the upcoming section.   

The natural estrogens estrone and 17β-estradiol seem to impart a major portion of 

the estrogenic activity in influent and effluent wastewater samples in Liscio, Fernandez 
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and our studies.  E1 is pervasive through all the plants’ effluents, but 17β-E2 remains in 

effluents for both WERF activated sludge plants, and the trickling filter and lagoon units 

(Figure 2.3.3.5.7), which is not the case for the activated sludge plants C and D from 

Fernandez’ work.   

The birth control contraceptive, EE2, projects an odd profile; in influent it only 

registers above minimal detection concentrations in only one out of six wastewater 

utilities (plant B in Figure 2.3.3.5.6), but in effluent, it is detected at equal or even higher 

levels in three of the six plants.  Fernandez’ effluents from plants C and D which had the 

most similar biological processes to our study (activated sludge), exhibited no remnant 

EE2 concentrations, like in WERF plant B.  However, remnant EE2 was evident in 

WERF plant D.  The range of EE2-related E2 eq-estrogenic activity is between 0.9 and 

14 ng/L, with an average around 1 ng/L, similar to the average value and ranges (below 

detection to 3 ng/L) reported by Snyder (2001).   

Estriol (E3) appears to be at consistently lower measurable concentrations in only 

half of the surveyed six, and not evident in Fernandez’ activated sludge plants C and D, 

as well as absent in our study results.  Although it is prominent in plants’ influents, it 

decreases through secondary biological treatment (Figures 2.3.3.5.6 and 2.3.3.5.7) to 

estrogenic activity levels one to two orders below E1 and E2.   

 Monitoring the summed estrogenic activity from all the individual contributors in 

the CA model and the corresponding YES bioassay readings for influent and effluent (in 

Figures 2.3.3.5.8 and 2.3.3.5.9) reveals that Fernandez’ influents from two plants show 

higher  concentrations in the bioassay relative to the CA model, but influents from WERF 
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Plants B and D exhibit the opposite trend.  The effluents tend to display elevated activity 

in the CA model and reduced YES responses (in three of the four plants’ data).  
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Figure 2.3.3.5.7.  Concentration addition model results for seven compounds’ relative 
estrogenic contributions in wastewater effluent for WERF Plants B and D, and four 
Canadian treatment plants (Fernandez, 2007).  Those chemicals not tested for (T) during 
the sample analyses are labeled in place of the representative column, and include DEHP 
in effluents for WERF Plants B and D.   
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Figure 2.3.3.5.8.   Comparison of estrogenic activity estimated by the YES bioassay 
versus that derived from the CA models for influent samples from Fernandez’ plants B 
and E, and this study’s samples from Plants B and D.  Fernandez’ CA model 
underestimates the YES response in both cases; in contrast, this study’s CA model 
overestimates the projected YES bioassay results.  YES results were not tested (T) for 
Fernandez’ Plants C and D.  Fernandez’ totaled CA model results also included 17α-
estradiol and norgestrol, (which were very minor contributors) besides the chemicals 
graphed in Figures 2.3.3.5.6 and 2.3.3.5.7.   

 

Wastewater effluents from 43 United Kingdom sewage treatment plants were 

analyzed using the concentration addition model for four estrogenic compounds (E2, E1, 

EE2 and NP) and comparing the results to both the in vitro YES bioassay and an in vivo 

(14 day) rainbow trout vitellogenin induction assay (Thorpe, 2006).  The calculated CA 

model’s estrogenic E2-equivalent activity (CA-EEQ) for the effluents were generally 

higher than the YES assay derived EEQ concentrations.  Sixteen of the forty-three 

samples had the CA-EEQ measure 2 to 3-fold higher than the YES-EEQ; eleven effluents 

had CA-EEQ ranging from 3 to 6-fold higher, and six results 

T T 
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Figure 2.3.3.5.9.   Comparison between E2-equivalent estrogenic activity (ng/L) for 
effluents as determined by YES bioassay results versus chemically-derived values from 
the CA models for Fernandez’ study and results from WERF Plants B and D.  In three of 
the four samples, the CA model overestimates the YES bioassay response.   
 

showed CA-EEQs testing from seven to 24-fold higher than the YES assay.  There was 

only a weak positive correlation between the two indices (R2=0.39, p<0.05).  Reporting 

of which chemical components imparted the most estrogenic signal was not examined, as 

only the sum effects were analyzed.  However, this study demonstrated remarkable linear 

correlation between the in vivo rainbow trout vitellogenin (VTG) assay and the in 

vitroYES predictions, although the YES underestimated the in vivo estrogenicity by two-

fold.  The VTG-EEQ related to the YES-EEQ by the following relationship: y = 2.217x-

3.8316; R2=0.9941.  Inception of vitellogenin hormone secretion, an egg-producing 

protein observed in male fish occurs only through exposure to female hormones and 

under some specialized environmental conditions.  However, the differences between in 

vivo and in vitro comparative results vary widely due to the tested species type, life 

T T 
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stages, cortisol levels, durations of exposure, and sensitivity of the bioassay and 

definitive conclusions are difficult to interpret and adequately defend.  There are several 

studies that show that the YES-EEQ can both overestimate and underestimate in vivo 

VTG-EEQ results (Hugget, 2003; Aerni, 2004; Tilton, 2002) and why these differences 

occur (Zacharewski, 1998; Safe, 2008). 

The findings from another investigation demonstrated conflicting results.  

Although the linear relationship between the CA model results for monitored E2, E1, 

EE2, E3 and NP correlated moderately with the YES assay results for five wastewater 

effluents (CA model concentrations, y =1.74x – 0.46; R2 = 0.60, n=70), three of the five 

effluents did not generate vitellogenin expression in the tested male rainbow trout in 

Aerni’s, 2004  study.  In essence, the in vitro results overpredicted in vivo response.  

VTG-EEQ values from male catfish approximate the YES activity in a survey of two 

treatment plants’ effluents sampled over three years in the same season (Tilton, 2002).  

Alternately, the in vitro YES assays underestimated the in vivo responses of male 

Japanese medaka exposed to four different wastewater treatment facilities’ effluents by 

10-fold.  Analytical identification of NP, OP, E1, E2 and EE2 as combined estrogenic 

potentiators scored higher in concentration than the YES bioassay, and in some cases 

were double the concentration in the chemical assays for E2 (Huggett, 2003).   

Most researchers conclude after reviewing numerous studies that scrutinize 

comparable chemical, in vitro and in vivo test results, that inexplicable discrepancies exist 

conducting correlations between the three are related to unknown factors.  However, most 

scientists concur that for assessing in vitro test results, false positives are rare and are 
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outnumbered by false negatives (due to antagonists and competitive binding), so in vitro 

testing must be utilized as a first screening step to further in vivo confirmation.  But as 

extensive, high-throughput genetic testing progresses and advances our understanding of 

the mechanisms of toxicity, the puzzling discrepancies between these three testing 

methods will hopefully become more explicable. 

Analogous examinations using breast cancer assays mirroring the T47D-KBluc 

surveys in this paper include works by Bicchi (2009), Tan (2007), and Murk (2002).  A 

northern Italian sewage plant with secondary treatment including activated sludge 

oxidation with nitrification/ denitrification nutrient removal had effluent sampled six 

times at monthly intervals between the months of January and May, 2007 (Bicchi, 2009).   

Sampling at the wastewater treatment effluent point source was done, as well as 

points upstream and downstream of the outlet in the surface water.  Only the effluent 

samples were examined for this paper.  Thirty-one compounds were identified and 

monitored by GC-MS, and their concentrations were multiplied by their relative E-Screen 

estrogenic potencies as reported by Tan (2007) and Leusch (2006).  Eleven of the thirty-

one compounds had significant predicted CA-EEQs, among them members of the suite of 

compounds we analyzed for in this study including 4-NP, BPA, E1, E2, EE2.  In 

addition, the scientists reported concentrations for three phthalate esters: diethylphthalate 

(DEP), dibutylphthalate (DBP), and bis(2-ethylhexyl) phthalate (DEHP), two of which 

were in our study, but were not tested for in our secondary effluents.  The six whole 

samples of wastewater were tested by the bioassay, and compared to the predicted 

concentrations derived from the CA model (and seen in Figure 2.3.3.5.11).   
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  The analytes’ presence in each sample was reported by the authors for eleven of 

the compounds only, but CA-EEQ values were not provided for each chemical, only for 

the whole samples.  So the reported relative estrogenic potencies reported by Tan (2007) 

were used to calculate each substance’s estrogenic input (in Figure 2.3.3.5.10). 
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Figure 2.3.3.5.10.  Bicchi (2009) CA model results for effluent on six sequential months 
based on E-Screen (MCF-7) breast cancer cell relative estrogenic potencies and chemical 
analyses.  
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Figure 2.3.3.5.11.  E-Screen bioassay E2-equivalent estrogenic activity (ng/L) readings 
compared to results as predicted by the concentration addition (CA) model (based on 
chemical analyses coupled with E-Screen based relative estrogenic potency).  The E-
Screen bioassay activity measures consistently higher than the CA model outcomes. 
 

Although E2 and EE2 were tracked, all the effluent samples registered below detection, 

and are not included in the graph.  The average E1-related estrogenic concentrations (near 

1 ng/L) are about equal to or half an order of magnitude less than both estrogenic 

activities reported by Liscio and Fernandez for their YES-based CA models for effluents 

(Figures 2.3.3.5.2 and 2.3.3.5.7).  The reported BPA related EEQ levels (0.01 ng/L) 

approximate those detailed by Fernandez, but average an order of magnitude less than 

those conveyed by Liscio.  DEHP’s estrogenic activity registers nearly four orders of 

magnitude less in Bicchi’s study (averaging 3.9 x 10-6 ng/L EEQ) as compared to 

Fernandez’ (averaging 10-2 ng/L EEQ) partially attributable to the two order lower 

estrogenic responsiveness (in E2-equivalent relative estrogenic potency on a mole to 

mole basis) of MCF-7 cells to DEHP as compared to that of the YES bioassay (1.0 x 10-7 
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and 2.50 x 10-5 respectively). DBP and DEP measure an order to two orders of magnitude 

higher EEQ activities than DEHP (Figure 2.3.5.10).   

 Interestingly, in this study, the E-Screen consistently conveys positive estrogenic 

responses higher than the CA model for whole samples (Figure 2.3.5.11) that are in 

similar ranges as those reported in the YES studies  (Snyder, 2001; Fernandez, 2007; 

Liscio, 2009).   

 Coincident chemical and E-Screen assays assessing 15 EDCs in influents and 

effluents of five Australian activated sludge wastewater treatment plants were  

comprehensively presented in the work by Tan (2007).  Results for the computed  
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Figure 2.3.3.5.12.  Breast cancer cellular bioassay based-concentration addition model 
results for chemically identified estrogenic compounds’ concentrations in influents from 
averages from 5 activated sludge wastewater plants multiplied by E-Screen (MCF-7) 
estrogenic relative potencies for calculating chemical contributions to estrogenicity (Tan, 
2007) as compared to this study’s WERF Plant D’s concentration addition model for June 
2006 based on the KBluc bioassay.  Similar estrogenic contributions are seen across the 
two studies for 4t-OP, NP, E1, 17β-E2, and E3 E2-equivalent activity concentrations.  
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Figure 2.3.3.5.13.  Concentration addition model results for effluent from three studies 
are compared; averaged E-Screen CA model results surveys from several treatments 
plants (from Bicchi, 2009 and Tan, 2007) are presented alongside results from this 
study’s WERF Plant D results.  Missing columns from each study are due to their not 
being analyzed.  WERF Plant D compound results are within an order of magnitude to 
both other studies’ except for 4t-OP, which measures almost two orders higher.   
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Figure 2.3.3.5.14. Comparison between two studies’ breast cancer cell-based bioassay 
evaluation and the concentration addition model results for influents. The E-Screen 
results (Tan, 2007) seen from 5 different treatment plants’ influents (Influents A-E), 
register higher E2-equivalent estrogenic activity concentrations than the corresponding 
CA model results (striped columns).  The KBluc assay activity measured in our study 
(from WERF Plant D’s influent) also evaluates higher than the CA model results, and 
falls with the ranges reported by Tan’s survey.  
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Figure 2.3.3.6.15.  Effluent samples’ bioassay responses as compared to the associated 
totaled CA model results are presented for three studies (Tan, 2007; this study for Plant 
D; Bicchi, 2002).  The E-Screen estrogenic activity responses measure higher than the 
chemically-based CA models’ forecasts in Tan and Bicchi’s work.  For Plant D’s results 
in this study, the CA model value is slightly elevated as compared to the KBluc 
estrogenicity.  Most of the plants display estrogenic activity below 20 ng/L, except for 
Plant E. 
 

CA model results are presented in Figure 2.3.3.6.12 (for influents) and Figure 2.3.3.5.13 

(for effluents).  The comparable KBluc estrogenic activity concentrations derived from 

the June 2006 sampling period from this study’s Plant D results are presented alongside 

Tan’s averaged results for the influents and effluents.  Averaged results from the six 

periods of sampling from the one treatment plant reporting by Bicchi (2002) was also 

included in the effluent graph (Figure 2.3.3.5.13) for a more comprehensive review.  

Associated results of the bioassay responses versus the collective chemical CA model 

results for influent and effluent are seen in Figures 2.3.3.5.14 and 2.3.3.5.15.  Analysis by 

Tan revealed that the results from their grab samples presented more consistently 
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representative samples as compared to the passive sampler aliquots, so the grab sample 

results were used to construct Figures 2.3.3.5.14 and 2.3.3.5.15.   

 Although different relative estrogenic potencies (REP) were used to calculate the 

two different CA models for influents, Tan’s and this study’s Plant D’s estimates for 

estrogenic activity attributable to E2, E3, E1, NP, and OP are remarkably similar (Figure 

2.3.3.5.12).   BPA was not tested for in our study in Plant D’s influent sample, so is 

missing from the graph.  Estrone CA model-EEQ values in influent and effluent seem to 

be static near 0.1-1.0 ng/L, similar to Bicchi’s findings in effluent.  Liscio’s YES-based 

influent estrogenic activities attributable to E2 average 50 ng/L, akin to the average of 97 

ng/L reported by Tan, and the 46 ng/L activity found in this study’s Plant D influent.  

Estriol readings for Tan’s and Plant D’s influent estrogenicity match and both 

approximate the levels of E2, which is most likely related to the higher REP of breast 

cancer cells to E3 (0.4, Tan, 2007) as compared to that of the yeast estrogen screen 

(0.0063, Fernandez, 2007).  Nonylphenol, octylphenol, and bisphenol A all seem to 

provide estrogenic activity in influent equivalent to E1 in both Tan’s and Plant D’s 

surveys.  The phthalate esters DEHP, DBP, and BBP register about three orders of 

magnitude less, at 0.0001 ng/L, except for DEP, which is at 0.001 ng/L EEQ 

concentration. 

 The distribution of contributing estrogenic compounds in effluent seems similar to 

influent except for the absence of estriol, which does not register above minimal 

detection limits, and the preferential drop in the estrogens (E2 and E1) by two orders of 

magnitude to around 1 ng/L, whereas the phenolic compounds (NP, OP and BPA) seem 
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to remain at similar levels as in influent.  The phthalate esters decrease their estrogenic 

endowments each by an order of magnitude from the levels in influent (Figure 

2.3.3.5.13). 

 Although all the breast cancer assays provide EEQ concentrations consistently 

higher than the CA model results for all the studies in influent (Figure 2.3.3.5.14) and 

most of the effluents (Figure 2.3.3.5.15), there is a variety of gaps between the associated 

methods of predicting estrogenic activity.  The estrogenic responses of the breast cancer 

bioassays seem to provide higher EEQ values in influent than reported in similar YES 

studies (Liscio, 2009; Fernandez, 2007).     

 In summary, the results of some this study’s results as compared to other 

researchers’ findings seem to be consistently within similar ranges for both their 

concentration addition model results and their bioassay responses. 
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2.4 Model of Primary and Secondary Wastewater Treatment  

of Endocrine-Disrupting Compounds 

 

2.4.1 Model description 

The impact of endocrine disruptors and trace organic compounds released into the 

environment via wastewater treatment effluent discharge and biosolids recycling has been 

shown to be detrimental, but has not yet been comprehensively assessed in its full 

spectrum of effects.  Behavior and prediction of in-plant transformation of compounds in 

the complex matrices of wastewater processing is still being understood.  Mass balance 

studies and modeling them is one valuable tool to assess the fate of these chemicals in a 

standardized way and monitor the effectiveness of different assumptions and strategies of 

treatment.  This model for endocrine disrupting compounds during wastewater treatment 

through the processes of sorption during sedimentation was first proposed by Khanal et 

al. (2006), and adapted in a previous paper by the authors (Teske et al. 2008).  

 

Primary sedimentation. 

The apparent hydrophobicity of most important wastewater estrogens provides a 

plausible route for their removal from suspension on settleable solids during primary 

sedimentation.  If a linear isotherm represents equilibrium between dissolved and 

particulate concentrations of individual estrogenic compounds, then at equilibrium 

S = Kp/wC 
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 where  S is the sorbed concentration of chemical (mass/mass) at equilibrium, 

  C is the liquid-phase concentration of chemical (mass/volume), and 

  Kp/w is the chemical partition coefficient (e.g., L/kg) (Khanal et al., 2006). 

 

Kp/w is a conditional constant that depends on sorbent characteristics so that, 

Kp/w = (Sorg/C)eq foc 

 where  Sorg is the concentration of chemical in the organic fraction of   

 suspended particle mass (e.g., µg sorbed/kg organic carbon) and  

  foc  is the fraction organic material in suspended mass ( ) (LaGrega et al.,  

  2001), assumed to be 1.0 for volatile suspended solids (VSS). 

There are a number of empirical correlations with which to predict (Sorg/C)eq based on 

octanol/water partition coefficient or aqueous-phase solubility.  For a series of aromatic 

compounds: 

log (Sorg/C)eq = 1.00 logKow − 0.21 

 where  Kow is the octanol/water partition coefficient ( ) and     

  (Sorg/C)eq has units of mL/g (USEPA, 1989). 

Or, in more simplified terms,  

Koc = 0.62 Kow 

where Koc is the coefficient governing the distribution of solute/sorbate (ml/g) at 

equilibrium.   And in simpler terms, 

Kp/w = (Sorg/C)eq foc= foc 0.62 Kow   
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This type of crude approach leads to the following representation of fractional removal 

for individual estrogenic compounds during primary sedimentation: 

   F = Kp/w x Rps/(Q + Kp/w x Rinfl) 

 where  Q is the volume rate of wastewater flow (volume/time) 

  Rps is the rate of production of primary sludge (volatile component,  

  mass/time),  

Rinfl is the rate at which volatile suspended solids enter the reactor 

(mass/time), and 

F is the compound-specific fractional removal via sedimentation( ). 

Since Rinfl = Q x VSSinfl and Rps = E x Q x VSSinfl 

 where  VSSinfl is the influent concentration of volatile suspended solids (80-275 

 mg/L; Metcalf and Eddy, 1991) and 

  E is the VSS removal efficiency during primary sedimentation (0.5-0.7; 

 Metcalf and Eddy, 1991), 

 

  F = E(VSSinfl)/(Kp/w
-1 + VSSinfl) in compatible units. 

And in alternate form: 

F = E(VSSinfl)/(focKoc
-1 + VSSinfl) 

where 

foc is the organic carbon fraction in VSS, projected to be 0.53 based on 

biomasses’ elemental analysis (LaGrega et al. 2001; Metcalf and Eddy 

Inc. 1991) 
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If [VSSinfl] = 175 mg/L and E = 0.6, the predicted removal efficiency for a representative 

estrogen with log Kow = 3.5 would be 10 percent.  Figure 4.1.1 details how more 

hydrophobic compounds would be removed to a greater extent, and higher influent [VSS] 

or greater VSS removal efficiency would lead to greater fractional removals until the 

upper limit of the efficiency of the clarifier (E) was reached.  

 

2.4.2  Partitioning model validation   

To test the validity of this model for compounds’ fractional removal, we 

compared the actual observed Kp/w partitioning factors from results from four different 

wastewater treatment research studies to the model’s USEPA’s log Kow-based calculated 

Kp/w.   Two of these were published studies (Esperanza et al., 2007; Andersen et al., 

2003), and two were nonylphenol analyses (NP-1, NP-2) done for two separate research 

projects of our own (results unpublished).  Concentrations for the solid and liquid phases 

for each sample were used to calculate the observed partitioning vs. the USEPA 

partitioning (based on log Kow) coefficients for each detected chemical.  

Facility description: 

Plant I is a wastewater plant that treats 30 million gallons per day.  At the time of the 
sampling for the NP-1 and NP-2 studies (dated 06/15/05 and 06/13/07 respectively), 
secondary biological treatment was a high-purity oxygen activated sludge process, 
followed by mesophilic anaerobic digestion.  
 

Sampling: 
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Both NP-1 and NP-2 sampling of influent, and primary clarifier effluent stream lines 

were 24-hour composites, while all solid stream samples (primary clarifier sludge,  

thickened primary and secondary clarifier sludges, were grab samples.  For the NP-1 

study, relevant sample points studied were influent, primary clarifier effluent, and 

anaerobic digester influent (thickened WAS and primary clarifier sludge), and for the 

NP-2 study, influent, primary clarifier effluent and primary clarifier sludge were analyzed 

for calculating the differential partitioning coefficients. 

 

Samples used for calculating partitioning coefficients from the different processing units 

in Andersen’s wastewater treatment study were influent, primary clarifier effluent, 

primary clarifier sludge, waste-activated sludge, (WAS), return activated sludge (RAS), 

and digested sludge.  Sample points for Esperanza’s study were influent, primary clarifier 

effluent, and anaerobic digester influent (WAS).   

 

2.4.3  Materials and Methods 

All wastewater samples were processed prior to measurement of nonylphenol.  The 

influent solids content of raw wastewater and hydrophobic character of known estrogenic 

wastewater contaminants motivated the measurement of both dissolved (filterable) and 

particulate contributions to the total concentrations of nonylphenol.  For all samples 

analyzed in the NP-2 study, influent solids were separated via a combination of 

centrifugation and filtration.  Both the liquid (filtrate) and the solid fractions (including 

filters with solids residue) were then extracted and analyzed.   Samples were separated 
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into liquid and solid portions using a Beckman centrifuge with a JA-10 rotor (20 minutes, 

RCF = 17,000).  The liquid portions were then decanted off and filtered with a 3.1 µm 

Pall glass fiber filter.  The filtrate was refiltered using Whatman 0.45 µm cellulose 

acetate filters.     

 

After centrifugation/filtration, all solid samples (sludges and solids on filters) for study 

NP-2 were extracted in methanol using a microwave-accelerated extraction (MAE) 

procedure.  About 1 gram (dry weight) of solid was suspended in 20 mLs of methanol 

and extracted at constant pressure (20 psig for 30 min.) using a CEM-MDS 2100 

Microwave Digestion System.  Extracts were then diluted to 1 percent methanol with 

pure water, and hydrophobic organics, including estrogenic contaminants, were separated 

using a reverse-phase (C-18 octadecyl) resin (Empore, 3M).  A stepwise elution 

procedure was used to fractionate adsorbed organics based on relative hydrophobicity 

and to minimize interferences from matrix organics.  Eluent fractions consisted of 10 

mLs of 0.20, 0.50 and 0.80 (volume fraction) methanol in water, which were later 

combined and dried under nitrogen gas and redissolved in toluene to yield final 

concentration factors of 200-500x for analysis using a GC-ECD Hewlett Packard 5890 

Series II Plus gas chromatograph with electron capture detector.  A 60 m DB-5, 0.32 mm 

ID column (5% phenylmethyl-polysiloxane was run with nitrogen as the carrier gas.  

Oven temperatures were initially at  90 ºC for 1 minute  ramping up at 15 ºC/min to a 

temperature of 200 ºC, 7 ºC/min to 250 ºC, and lastly 5 ºC/min to 290 ºC.  Injector and 

detector temperatures were 280 and 312°C, respectively, with 33 minutes total run time.  
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Quantification limits ranged from 0.1 (sludge) µg/kg for solid samples and 1-2 ng/L for 

liquid phase filtrate samples.   

 

Standard solutions (and curves) were made in concentrations from 1-50 mg/L for 

nonylphenol dissolved in toluene.   All samples and standards underwent derivatization 

using pentafluorobenzyl bromide (PFBBR).  The derivatization process follows steps 

designed and detailed by Otakuye Conroy in her dissertation (University of Arizona, 

2006) and incorporated several different steps from other researchers’ published 

procedures.  Five-hundred microliters of sample and/or standard were transferred to a 

clean glass vial. Subsequently, 1 mL of 2 M NaOH along with 1 mL 1 M NaHCO3 was 

added and vortexed for 2 minutes. Following this, 50 µL PFBBr (20 mg/L dissolved in 

toluene) was added, vortexed for 1 minute,  and placed on shaker table for a reaction time 

of  half an hour. Unreacted PFBBR was removed by pipette in association with the NaOH 

phase (the bottom layer).  The outside of the pipette was rinsed with fresh toluent while 

the NaOH was being removed in order to preserve the organic phase.  Nitrogen gas  was 

then used to dry the sample to the desired volume of 1 mL, which was then transferred to 

a new GC vial.  Internal standard, (50 µL of 10 mg/L of pentafluoro-benzophenone (PFB-

phenone) was added to vial before GC measurement.  Nonylphenol technical grade, mix 

of ring and chain isomers 290858 (CAS 84852-15-3), Sigma Aldrich; Mallinckrodt ACS 

specification 99.9% grade toluene; 2,3,4,5,6-pentafluoro-benzophenone 98%, (CAS 

1536-23-8), Acros Organics; 2,3,4,5,6-Pentafluorobenzoyl bromide 99% (CAS 1765-40-

8), Alfa Aesar.   
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For all samples in the NP-1 study that were also collected at Plant I (the same wastewater 

treatment plant in Tucson, Arizona as used for the NP-2 study) processing and analytical 

analysis was done by Otakuye Conroy at the USGS National Water Quality Laboratory in 

Denver, Colorado under the auspices of Dr. Edward Furlong.  Continuous liquid-liquid 

extraction (as described by the USGS publication, Zaugg et al., 2007) was done for the 

liquid samples, and solids were extracted using accelerated solvent extraction (ASE) as 

described in the USGS publication, Burkhardt et al., 2006, as well as the analytical 

protocol.  Comparative partitioning analysis was done for para-nonylphenol (total).   

 

2.4.4  Partitioning coefficient comparison results 

 Results between the observed and expected partitioning coefficients are seen in 

Figure 4.4.2, with the actual observed partition effects seen on the vertical axis, while the 

estimated USEPA partitioning factor (using log Kow) is presented along the horizontal 

axis.  The four compounds analyzed (presented left to right in Figure 4.4.2) were:  estrone 

(E1), ethinylestradiol (EE2), 17β-estradiol (E2), and nonylphenol (NP).  The diagonal 1:1 

line illustrates where the observed and estimated partitioning Kp/w  factors would match.  

In Figure 2, the majority of the observed analyzed Kp/w coefficients for the hydrophobic 

estrogenic compounds measured below the expected 1:1 line: a higher percentage of each 

chemical’s concentrations remained in the liquid phase rather than partitioning into the 

solid phase as projected.   
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2.4.5  Secondary Treatment: Activated Sludge and Nitrification 

In order to model a single-unit activated sludge or nitrification process, an 

arbitrary control volume was posted around the activated sludge tank and secondary 

clarifier (Figure 2.4.5.3).  All mass fluxes (mass/time) into and out of the control volume 

were calculated by multiplying the concentrations of each stream (mass/ volume) by its 

flow (volume/time).  Assumptions for this modeled predict that the influent stream’s 

contaminant of interest was sorbed to the organic fraction of the volatile suspended solids 

of the primary clarifier sludge; that is, the modeled compound partitioning as detailed 

above in primary sedimentation holds true.  With rearrangement and substitution of the 

variables described above and in the following equation, we can calculate the ratio 

between the concentrations of the liquid  

phase of the secondary clarifier effluent to the concentration of the primary clarifier 

effluent: 
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Where: 
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θ  = hydrologic retention time  (time required for flow to pass through the  

bioreactor (hour -1)   

 θc  = solids retention time (average period of time the sludge remains in 

the reactor, taking into effect the waste sludge rate and microbial 

population) (hour -1)   

kb X = is the reactor biodegradation rate (hour -1)   

X = the MLVSS (mixed liquor VSS) (kg/L) in the model reactor 

RWAS = recycled waste activated sludge volatile mass flux rate (mass/time) 

WAS = wasted activated sludge volatile mass flux rate (mass/time) 

   

When testing the validity of the modeled activated sludge reactor, biodegradation rates 

from peer-evaluated reviewed researchs were used with factoral adjustments to the 

microbial population (X) reported in the verified study versus the model’s value.                   

The concentration of the exiting secondary clarifier effluent takes into account the mass 

flux leaving with the waste activated sludge stream (WAS) and losses due to the 

biodegradation rates seen in the reactor (seen in the kbX term).  Upon simplification of 

these terms, better reduction of the contaminant concentration exiting the reactor in the 

secondary clarifier effluent depends on increased hydrologic retention time (θ), increased 

microbial population (X), faster biodegration rate (kbX), or increased hydrophobicity of 

the contaminant partitioning into the solid phase (Kp/w).    
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In order to validate the model, experimentally observed values for nonylphenol aerobic 

biodegradation rates (obtained from batch reactor studies of nonylphenol in river 

sediments, Yuan et al., 2004) were used to compare against the modeled degradation 

rates.  The kb θX term in the ratio concentrations of the modeled secondary clarifier 

effluent (Cout) to the primary clarifier effluent (Cin) were calculated and compared. 

 

Research study  Process date  Model kbX  Yuan (2004) kbX  

NP1   06/15/05  6.845-6.846     4.9 

NP2   06/13/07  8.700-8.791     5.3 

 
 
2.4.6  Validation of Primary Sedimentation Model using Polybrominated Diphenyl Ethers 
(PBDEs) 
 
Further tests were conducted to confirm partitioning behavior during primary 

sedimentation at Plant I.  The compounds of interest analyzed were prominent  

polybrominated diphenyl ethers (PBDEs), flame retardants that display a wide range of 

octanol-water partitioning coefficients (log kows) that range from  5.97 (for BDE-28) to 

9.97 (for BDE-209) (Arnold RG et al., 2008). 

 

Facility description: 

Plant I is a wastewater plant that treats 30 million gallons per day in two parallel trains 

for secondary biological treatment: a conventional waste activated sludge process with 

pure oxygen (West plant), and a newly built, enhanced nutrient removal system (East 

plant).   
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Sampling: 

 All samples were grab samples obtained on two separate dates: July 15, 2008, and 

September 11, 2008 from a control volume that included all lines of unit operations 

entering and exiting the primary clarifier: the influent, primary clarifier effluent, and 

primary clarifier sludge of the nutrient removal system (East plant).   

 

2.4.7. PBDE Materials and Methods 

 Measurement of PBDEs in wastewater involved the following generalized steps.  

Treatment of solvents, reagents, glassware, and other sample processing hardware 

followed EPA Draft Method 1614 in order to reduce interferences and contamination.   

All wastewater samples were centrifuged at 17,700 RCF and the centrates were 

passed through 0.7 µM glass fiber filters, and the filtrate was subsequently passed 

through an 10 kDalton ultrafiltration polyethersulfone membrane (Millipore).  Liquid 

sample permeate volumes of 2 liters were subjected to a liquid-liquid extraction 

procedure using hexane as the exchange solvent.  A volume of hexane equal to 20%-50% 

of the sample volume was added, and the mixture was stirred at room temperature for 24 

hours.  The liquid hexane phase was removed and saved for cleanup procedures. 

Solid samples (centrifuged sludges, and solids on filters and membranes) were 

dried for 24 hours at 50-60° C prior to extraction using microwave assisted extraction 

(MAE). Dried samples of 1-2 grams dry weight (sludges) and filters and membranes were 

extracted with solvent consisting of a 1:1 (v/v) mixture of hexane and acetone for the 
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MAE.  Microwave assisted extraction was performed at 25 psig for 120 minutes using a 

CED MDS 2100 instrument.  All liquid hexane extracts (from solids and liquid-liquid 

extraction procedures) were evaporated to 5 mL under a N2 (g) stream at 60° C, where 

upon 5 mL of hexane were added, and samples were again evaporated to 5 mL in order to 

minimize acetone.     

Cleanup steps of the liquid hexane extract started with sulfur removal by TBA-

Sulfite which followed EPA Draft Method 3660b. One mL of tetra-n-butyl ammonium 

hydrogen sulfate and 2 mL of n-isopropanol were added and vortexed for 1 minute to 

precipitate reduced sulfur.  If no precipitate was evident, increments of 0.01 g of 

crystalline sodium sulfite (Na2SO3) were added to produce one.  Five mL of milliQ water 

was added and the mixture was vortexed for 1-2 minutes.  After standing more than 10 

minutes, the aqueous phase was discarded.  One mL of 8 N sulfuric acid was added to the 

hexane extract and vortexed for 1 minute to remove organic interferences, as detailed in 

EPA Draft Method 3665a. After five minutes, the acid phase was removed and discarded 

yielding ~ 4 mL of organic solvent containing PBDEs and other non-hydrolyzable 

organics. Florisil clean-up procedures followed EPA Draft Methods 1613 and 3620b.  

The extract was passed through a cylindrical glass column containing florisil, and then 

eluted with 180 mL of hexane. Extracts were then evaporated by nitrogen gas stream to 1 

mL and transferred to GC vials for analysis.  

 

Analytical: 



   
   
                                                                                                                                             

 

223 

PBDEs were analyzed on a Hewlett Packard 5890 Series II Plus gas chromatograph with 

electron capture detector run with two different columns and protocols. A 30 m DB-1, 

0.25 mm ID column with 0.25 µm film thickness was run with injector and detector 

temperatures of 300 and 320°C, respectively, using oven temperature ramps of 80-250°C 

at 5°C/min, and 250-315°C at 3°C/min. Injection volume was 2 µL. The carrier gas was 

He (2 mL/minute), and N2 was the auxiliary gas.  A 5 m DB-5, 0.25 mm ID column was 

also used with oven temperature ramps of 100-250°C at 6°C/min and 250-320°C at 

7°C/min, then held constant for 5 min. Congener dependent quantification limits ranged 

from 0.1 (soil) – 1.0 (sludge) µg/kg for solid samples and 1-2 ng/L for water samples 

(influent and effluent).  Standard curves were prepared using BDE-CSM (Accustandard) 

containing known concentrations of BDE-28, -47, -99, -100, -153, -154, -183 and -209.  

 

2.4.8 PBDE Primary Settling Modeling Results and Discussion 

Two congeners (BDE-28 and BDE-154) registered below detection level in the liquid 

phases in order to be able to calculate the Kp/w values for the first sample set on 07/15/08 

(Figure 2.4.8.4).  However, on the second sampling date on 09/11/08 (Figure 4.8.5), all 

identifiable congeners had concentrations high enough to calculate partitioning 

coefficients.  The two graphs below show similar distribution patterns in that the 

observed and calculated partitioning coefficients from the sample measurements are 

much lower than the EPA’s predictions based on each congener’s octanol-water 

partitioning coefficient.  The tested wastewater biosolids’ PBDE concentrations are lower 

than modeled expectations, and instead are found in the liquid phase.  The partitioning 
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coefficient upper ceiling for both data sets seem to be near 1 x 106.  Distance from the 

predicted to actual equivalence line for the partitioning coefficients follows a distribution 

that must be related to the chemico-physical characteristics of the PBDE congeners; 

BDE-28, and BDE-47 are closest to the line, while BDE-209 is the most distant, and the 

lateral separation of the congeners follows trends based on their molecular weight, and 

the number of bromines they have. 

There are several explanations as to why partitioning does not correlate to the US 

EPA-based octanol-water partitioning model.  The compounds could not be at chemical 

equilibrium, or could not permeate all the available organic carbon in the bacterial cells 

uniformly.  Additionally, there could possibly be boundary layer limitations, or stearic 

hindrances that cause this discrepancy.   An alternative explanation could be that 

distribution of hydrophobic organics could be carried by small particles and colloids in 

the liquid phase that are smaller than the maximum settling velocity achievable during 

the centrifuging process, or the smallest nominal filter particle size of 0.7 µm used in our 

separation process for liquids from solids.   

 

2.4.9 Aspects of Partitioning Behavior Relating to organic colloids, and natural organic 

matter.    

The potential of small particles to carry hydrophobic compounds (and EDCs) has been 

documented.   Microbial activity in wastewater treatment produces significant colloidal 

organic material composed of polysaccharides, and proteins.   A few recent toxicological 

and morphological studies on wildlife show that exposure routes to EDCs may be 
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mediated through particulates, especially colloids.  Colloids are small particles (or 

macromolecules) that range in diameter from 1 nm to 1 µm.  Although colloids comprise 

a minimal fraction (~10%) of the total particle mass (Perret et al., 1994) in natural waters, 

they constitute up to 40% of total organic carbon in marine environments (Benner et al., 

1992).  Most importantly, studies estimate that significant portions of EDCs are carried 

on naturally occurring colloid fractions.  Estimates on the percent of aqueous 

concentrations carried by the colloidal-EDC load range from 10 to 29% (Zhou et al, 

2007) all the way up to 60% (Holbrook et al., 2004).    The importance of colloidal EDCs 

as a factor inducing morphological effects on wildlife was evident in a recent in vivo 

study (Keiter et al., 2007) that showed direct dose-response embryotoxic effects for 

contaminated sediments' extracts on a fish egg assay.  The authors surmised that the 

bioavailability of particle-bound lipophilic substances in sediments was higher than 

expected, because stronger toxic effects were seen than in the equivalent source pore 

waters.   

 

Perhaps further research linking organic and inorganic colloidal / sediment bound EDCs 

to their physiological effects might provide some clarification to these muddied results. 

In general, particulates and colloids adsorb various compounds differently based on the 

physicochemical characteristics of both the particles and the compounds.  Sorption of 

hydrophobic nonionic compounds onto solids is a dominant mechanism for most 

macroparticulate soils, so there are strong correlations between a contaminants' Koc 

(sorption to organic carbon content of soils) and Kow (octanol-water partitioning 
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coefficients) coefficients.  Freundlich or Langmuir adsorption isotherms describe this 

relationship well as predictors on how contaminants act in soils on a large scale.  But as 

particulates in the natural environment become smaller, and their surface areas become 

larger, attractive and repulsive electrostatic forces determine the activity of particle-

compound interactions.  Most clays, silica, and organic particles are negatively charged at 

neutral pHs. Adsorption of charged ions on the surface can produce either positive or 

negative charges dependant upon the pH.  The zero point of charge (ZPC) on the surface 

relates to a certain pH level.  Higher pH (>ZPC) produce negative surface charges; 

accordingly, lower pH conditions will produce a net positive surface charge.  

Destabilization can occur with changes in pH, addition of other ions, or even with organic 

polymers (referenced by Montgomery, 1985).   

 

A study on uptake of an herbicide (prosulfocarb) after sorption on different soils and soil 

colloids produced results that conform to the general principals described above and are 

predictive of many research papers.  The adsorption and desorption of varying 

concentrations of prosulfocarb on different soils with different soil characteristics show 

that for a soil with montmorillonite clay with low organic matter (0.76%), high rates of 

prosulfocarb are adsorbed (53%), but not as much as on humic acid (98%). Addition of 

ferrihydrite and aluminum hydroxide (Al (OH) X) to montmorillonite decreased the 

prosulfocarb adsorption because of the high zero point charges of the sesquioxides 

created.  This effectively decreased the negative charges and increased the positive 
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charges on the surface.  Bioavailability of the herbicide decreased proportionately in 

relation to the adsorption isotherms (Negre et al., 2006).   

 

Another study on the kinetics of copper binding by suspended Susquehanna River 

particulates > 0.45 µm and its toxic effects on Ceriodaphnia dubia (water fleas) echoed 

similar results (Ma et al., 2002).  Uptake of the metal by sediments increased survival of 

the water fleas; addition of humic acid increased the complexation of copper even more.  

However, the addition of suspended solids and organics kinetically delayed equilibrium 

of the copper when compared to the aqueous filtrate.  In general, these studies confirm 

that adsorption of some contaminants by organic materials far outperform non-organics 

and decrease the bioavailability of the contaminant.      

 

Wastewater treatment plant outputs are the most significant contributor to EDCs into the 

environment, yet the generated biosolids encompass particulates from a wide variety of 

sources, and sizes.  Even characterizing natural colloidal organic matter generated from 

treatment plants is difficult; one study showed that their membrane bioreactor (MBR) 

generated more hydrophobic, and smaller-sized (10 µm diameter) biosolids that sorbed 

more ethynyl estradiol (EE2) than the larger-sized (120-123 µm) anaerobic/anaerobic 

sequencing batch reactor (SBR) biosolids that were less sorptive, and less hydrophobic 

eve Analyses of colloidal organic carbon from two plants, one an activated sludge with 

nitrogen removal, and the other, a membrane bioreactor, showed compositional variations 

seasonally so that it affected their affinity for 17β-estradiol and 17α-ethynylestradiol 
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(EE2) as measured with their sorption coefficients quantified by fluoresence quenching 

(Holbrook et al., 2004a).  In this study, five fractional sizing bins (<1.5 µm, <0.22 µm, 

<100 kDalton (kD), <30 kD, <1 kD) were tested for protein, polysaccharide and iron 

content as well as their ability to sorb steroids.  On average, the MBR colloids' measured 

higher fractions of carbon incorporated into their polysaccharide and protein components 

than the activated sludge colloids.  Previous research done on fluoresence quenching on 

polycyclic aromatic hydrocarbons (Gauthier et al., 1986. Perminova et al., 1999) showed 

that organics with high aromatic moieties exhibit higher molar extinction coefficients 

when measured by fluorescence quenching at 280 nm.  With this correlation, Holbrook's 

study showed that the smaller particle sizes had higher percentages of aromatics, the 

colloids had higher aromatic moieties than the dissolved phase, and the MBR colloids 

exhibited higher aromatic content than those from the activated sludge mixed liquor 

colloids.   However, Holbrook et al. could not find a strong correlation between either 

aromatic content and sorption coefficients for EE2 and E2, or for Kow  values and sorption 

coefficients.   

 

These observed discrepancies between binding efficiencies (Koc) and log Kow for 

predicting organic colloidal sorptive behavior with different compounds is challenging. 

Several researchers have concluded that organic colloids behavior does not conform to 

the theory that relates the degree of hydrophobicity of a compound to its ability to bind to 

the soil's fractional organic content.  In addition, there seems to be no clear relationship  

between a compounds' Koc, molecular weight or elemental ratios (C:H:O:N) and how it 
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binds to small organic particulates, or organic colloids (Yamomoto et al., 2003; Zhou et 

al., 2007).   Instead, the strongest associations predicting binding efficiencies are related 

to the structural components of the organic adsorbent, (the number of aromatic, or 

aliphatic carbon groups) and structures of the contaminant compounds (aromatics, phenol 

groups) (Yamamoto et al., 2003; Chefetz et al., 2000, Holbrook et al., 2004a,b).  

Partially, this is due to the compositional variability of organic particulate/colloidal 

material.  Microbial extracellular polymeric substances (EPS), a major constituent of 

organic colloidal material from wastewater treatment plants is inconsistent.  EPS is 

primarily composed of extracellular polysaccharides which vary in composition 

depending upon the microbe producing them (glucose, galactose, fructan, glucan).  

Structures also vary: EPS can be filamentous, globular, have single or double helices, or 

randomly coiled chains with denser, heterogeneous domains embedded in them along 

with proteins (Toda, et al., 1987; Dogsa et al., 2005).  In addition, humic substances 

account for nearly 60-80% of organic material found in natural waterways (Buffle 1990), 

which can incorporated into the wastewater organics, and also interact with them after 

release into the environment.  There have been a few studies that have compared binding 

affinities between synthetic or homogenized materials and natural carbonaceous organic 

colloids in order to discern patterns of behavior.  Yamamoto et al. (2003) tested two 

commercially prepared polysaccharides (dextran and alginic acids) and one commercially 

prepared humic acid (from Sigma Aldrich) against three naturally occurring humic acids  

and one tannic acid to see how they sorbed six different estrogenic compounds.  Sorption 

coefficients of the estrogenic compounds to the polysaccharides were significantly less 
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by 2 orders of magnitude or more than any of the humic or tannic acids, which was also 

noted by other research (Enfield et al.,1995) that tested partitioning for three compounds 

(anthracene, hexachlorobenzene, and pyrene) in the presence of macromolecular dextran, 

humic acid or ground water in soil.  Matrix effects caused by particulates or colloidal 

organic carbon causing reduced responses in the Yeast Estrogen Screen (YES) bioassay 

has been reported by Tanghe et al., (1999) and Holbrook et al. (2005).  Loss of response 

of the colloidal organic material when compared to the standard dose-response curves of 

the estrogenic control was observed.  The polysaccharide and organic carbon content 

were significant statistical factors on the reduced sensitivity of the YES bioassay, 

whereas protein concentration (from the measured organic colloids) was not.  The 

colloid-associated fraction of the positive estrogen control standard was only weakly 

related to the observed reduced dose-response curves, and cell toxicity (as measured by 

absorbance at 620 nm) was not related at all to the lower sensitivity.  Holbrook et al. 

postulated that the decrease in YES response could be either from direct interference by 

colloidal material within the yeast cells, or sorption of the E2 to the colloids that 

decreased the bioavailability of the estrogen.   

 

2.4.10 Testing for activity associated with organic colloids 

YES bioassay results from our own research in quantifying wastewater outputs 

echoes the observations noted by both Tanghe et al. and Holbrook et al.  Parallel trains of 

progressively restrictive filtration and ultrafiltration membranes were used to treat a 

wastewater sample in the same method Holbrook used for his 2003 study on trying to 
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associate particulate size bins and estrogenicity with the amount of organic colloidal 

carbon.   

 

 

2.4.11  Colloidal testing Materials and Method   

Glass fiber filters Whatman 934-AH 1.5µm (commonly used for measurement of 

total suspended solids); Millipore GSWP04700, cellulose 0.22 µm filters Millipore 100, 

30, and 5 kilodalton (KD) polyethersulfone (PES) ultrafiltration membranes; Millipore 

100, 30, and 5 KD Ultrafiltration Ultracel regenerated cellulose membranes;  Amicon 

pressurized filter system (180 mL capacity).   

 

Ultrafiltration Controls experiment: 

Several liters of nanopure water were spiked with ethinylestradiol (EE2) to a 

concentration approximating 1x 10-8 mol/L.  Unspiked negative controls of nanopure 

water were run through the Amicon system with a 30 KD PES and a 30 KD regenerated 

cellulose ultrafiltration membrane, followed by the parallel tests with EE2-spiked 

nanopure water positive controls.  Blank nanopure water was finally run through the bare 

Amicon chamber without any membrane to check for any remnant positive desorption 

from the estrogen spiked controls run previously.  Nitrogen gas pressure was initially 

started at low pressures (10 psi) and increased over 1 minute to a steady 35 psi for all test 

sample runs.   
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Ultrafiltration Samples experiment: 

Several liters of Plant I Influent (24-hour composites for 06/13/08) were obtained and 

centrifuged within the subsequent 4 hours.  The centrifuged pellet solids were then frozen 

at 0̊C, until later weighing and extraction.  Liquid samples were then subsequently 

filtered in parallel processes with the 1.5µm, 0.22µm filters using a suctioning apparatus.  

The pressurized Amicon system was used for processing liquid centrates through 100, 30 

and 5 KD PES ultrafiltration membranes.  All liquid phase filtrates and permeates were 

collected and stored at 4˚C.  Solid phase centrifuged pellets (about 0.30 gram dry 

weight), and the entire filters and membranes with their associated solid particles were 

extracted using microwave-accelerated extraction (MAE).  Samples were suspended in 

30 mls methanol in vessels and subjected to 30 minutes of 20 psig using a CEM-MDS 

2100 Microwave Digestion System.  MAE  extracts were concentrated with nitrogen gas 

to low volume and diluted to approximately 1% volume with nanopure water.  Both solid 

MAE extracts and liquid samples were extracted through a octadecyl C18 resin (3M 

Empore) for extraction and purification of organic substances and eluted from the resin in 

20,50, and 80% fractions (v/v methanol/water) in 10 ml volumes.  These eluates were 

dried with nitrogen gas to near dryness and reconstituted with autoclaved nanopure water 

to yield final liquid concentration factors of 300-1000X for analysis by the yeast estrogen 

screen (YES) bioassay.      

 

Yeast Estrogen Screen (YES) Bioassay: 
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The recombinant yeast screen bioassay created by Routledge and Sumpter, 1996 uses a 

stably transfected human estrogen receptor to measure estrogenic activity.  The actual 

method used was that modified and reported by de Boever et al, 2001.  

 

Radiolabel assay: 

Perkin Elmer radiolabelled (2,4,6,7-3H) estradiol in toluene was diluted in 100% HPLC 

grade methanol to different concentrations, and tested on a Beckman-Coulter LS6500 

scintillation counter under the generous auspices of Dr. Meisfeld.  Standard estradiol 

curves diluted in water were run to match test samples’ dosing and scintillation fluid 

volume.    

 

2.4.12  Results and Discussion 

The negative control (nanopure water) correctly exhibits no estrogenic activity 

measured by the YES bioassay (Figure 2.4.12.6) alone, and the EE2-spiked nanopure 

positive control (which should have had concentrations in the plate of 2 x 10-9 mol/L, 

exhibits slightly higher concentrations of 3 x 10-9 mol/L.  All blank samples were run 

previous to EE2-spiked samples.  Subsequent to all spiked samples were run through the 

Amicon filter apparatus, one half-liter of nanopure water  was run through the apparatus 

to check whether there was carry-over of the previously run estrogenic samples.  

Unfortunately, there was a positive response of 2 x 10-12 mol/L from the 80% C18 

fraction, so standard practice subsequent to this study was to rinse the apparatus and run 

blank nanopure water (500 mls) between samples.  Additional estrogenic activity was 
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traceable to permeates from the 30 kDa regenerated cellulose membrane which was 

equivalent to the EE2-spiked concentration of the positive control.  The negative control 

test for permeates from the polyethersulfone (PES) 30kDa membrane exhibited a positive 

response as well, but it registered much lower at 7 x 10-12 mol/L.  The permeates of the 

EE2-spiked control for the PES membrane did not quite test as high (1.55 x 10-9 ) as the 

positive control.  When extracts from the membranes themselves were tested by the YES 

bioassay (Figure 2.4.12.7), the negative control test for the PES membrane exhibits the 

same low positive response (7 x 10-12 mol/L flow-normalized concentration) as the 

permeate results for the membrane, and higher retention of the positive tests’ estrogenic 

spike in the membrane extraction itself (6 x 10-9 mol/L) than seen in the permeate, but it 

is appropriate when considering the membrane itself is slightly estrogenic; that is, the 

negative and positive tests for the PES membrane is consistent.  The regenerated 

cellulose membrane tests were inconsistent, and the permeates for the negative control 

test were too high, so using these membranes for use with the YES assay were rejected. 

 

Further testing for total organic carbon (TOC) for negative control permeate tests 

revealed that for the first 150-160 mLs of nanopure water permeate run through a PES 

membrane produces totals of 67-95 mg/L non-purgeable organic carbon (NPOC), while 

all subsequent permeates produced an average of 1-3 mg/L for every 150 mLs (measured 

up to a total of 1800 mLs).  Alternatively, the equivalent Ultracell regenerated cellulose 

membrane produced 95 mg/L NPOC in the first 40 mLs of permeate, and averaged 30 

mg/L NPOC for every 40 mLs of permeate thereafter.  This TOC bleed from these 
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membranes is considerable when put their concentrations into context of 0.7µm filtered 

wastewater treatment plant effluents measured on the same day;  primary clarifier 

effluent and secondary effluent from Plant I (sampled on 11/04/08) registered 53 mg/L 

and 9 mg/L NPOC, respectively.  Although both the glass fiber filter (1.5 µm) and 

nitrocellulose filter (0.22 µm) do not elicit estrogenic signatures on the YES bioassay, 

they do emit levels of total organic carbon similar to the membranes, but quantify at 

lower concentrations of 13 and 9 mg/L NPOC.  Losses of organic carbon from the 

membranes correlate to +/- mass losses from the membranes during operation.  This loss 

makes it difficult to adequately measure mass accumulations into/on the membrane 

surface.  Tracking total organic carbon was used as a corollary substitute for mass in 

some studies, with subtraction of the membranes’ TOC bleed on a volumetric basis.  The 

results of comparing differential grades of filtration of Plant I’s wastewater influent and 

measuring the estrogenic load carried by the filtrate/permeate (Figure 2.4.12.9) and the 

solids carried on the filters and membranes (Figure 2.4.12.8) reveal that although 

progressively restrictive filtering {increasing from left (1.5µm filter) to right (5 kilodalton 

membrane) in Figure 2.4.12.9} is reflected in fewer particles passing through the more 

restrictive openings with the liquid phase, there is not a corollary pattern seen in 

increasing accumulation of solids on the filters’/ membranes’ surfaces (Figure 2.4.12.8).  

The first most left-hand column in Figure 2.4.12.8 is the solids associated with the 

centrifuging process that occurs before filtration steps are taken.  The centrate’s solids 

that accumulate on progressively tighter filters in parallel are shown from left (1.5F) to 

right (5M).   Steady accrual is seen from the 1.5 µm filter through the 30 kDa PES 
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membrane, but only a minor buildup is seen in the 5 kDa membrane where we would 

expect the largest collection of solids.  This discrepancy could be postulated to be an 

escape of solids from the membrane surface that was not noted.  If we disregard the 5 

kilodalton results, and considered the 30 kilodalton membrane results as our limit for 

determining what is “liquid” and “solid,” the solids portion (of a flow-normalized 

concentration of estrogenic activity equivalents EE2 eq mol/L) would consist of the 

centrifuged solids concentration and the 30 kDa membrane accumulated solids which 

would sum to 6.10 x 10-5 mol/kg.  The “liquid” fraction would consist of the 30 kDa 

membrane permeate, which is 1.22 x 10-10 mol/kg.  The estimated EPA-based Kp/w 

would be 264,017, which is much higher than an EE2 EPA-based Kp/w of 1,528 (or even 

that of E2 – 2,062, or nonylphenol - 4,210).  If we used a liquid/solid cutoff of the 1.5 µm 

filter, the observed Kp/w would be 430; for the 100 kDa PES membrane, the observed 

Kp/w would be 6,742, which comes closest to the EPA estimates.  Although the YES 

bioassay measures the collective estrogenic signal from contributing wastewater 

compounds at different potencies, the results of this experiment shows that colloids 

(those particles between 1 µm and 1 kilodalton) can carry considerable estrogenic activity 

in the traditionally defined “liquid” phase.   

 

Radiolabelled tritiated-estradiol experiments yielded results that confound its 

suitability for testing for partitioning between liquid and solid phases of samples.  

Quenching of the scintillation is caused by chemical changes seen in one test media to 

another.  Radiolabelled estradiol in water as a produces higher counts per minute (CPM) 
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than the same standard curve dilutions in the media used for the YES bioassay (Figure 

2.4.12.10).  Increasing the concentrations of biosolids in a sample with identical 3H-

estradiol concentrations produces solids-associated quenching curve (seen in duplicate in 

Figure 2.4.12.11).  Similar E2-spiked solid samples were split, with one set centrifuged, 

and the centrates of these were tested along with their solids’ samples counterparts.   In 

most cases, there was an increase in scintillation due to lower quenching (as seen in the 

averaged triplicate results in Figure 2.4.12.12).  However, the centrates still exhibit 

quenching effects that parallel the solids samples, and are not significantly different 

statistically.  Quantifying suppression in samples with an unknown amount of solids is 

difficult.  For example, 3H-estradiol spiked secondary effluent was run in parallel through 

differential grades of PES membranes.  The expectation of a large signal response seen 

through “looser” membranes’ permeates declining steadily with more restrictive cutoffs ( 

as seen in Figure 2.4.12.10) is not seen in this instance (Figure 2.4.12.13).  In fact, a 

pattern is seen of steadily rising CPMs, most likely from regressive quenching.  

 

Another challenge in using the radiolabelled estrogen is its’ inability to be utilized 

by the yeast cells in the YES bioassay.  Perhaps using 3H-estradiol causes stearic 

hindrance which interferes with the cell’s normal ability to incorporate the estrogen, and 

produce β-galactosidase.  There was no evidence of toxic effects measured by lower 

optical density absorbance readings at 630 nm, and results with both the normal YES 

bioassay, and the LYES bioassay show color development indicating very minimal β-

galactosidase production.  At 20.5 hours, the YES results for the regular EE2 standard 
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curve maximum had reached 2.74 (Abs 570-630), while the maximum for the 3H-

estradiol standard had only reached 0.88. The LYES readings for the same yeast culture 

showed regular EE2 maximums at 45 minutes elapsed time were 1.46 compared to the 

0.80 maximum for the radiolabelled estrogen standard.  Clearly, the difference between 

the two was production of β-galactosidase inside the cell, and not transport from the cell 

into the bulk. 

In conclusion, it is clear that more research into understanding and predicting how 

endocrine disrupting compounds/ trace organic contaminants behave in wastewater 

treatment needs to be done.  Some hydrophobic EDCs can be carried by colloids and 

maintained in the “liquid” phase instead of transferring into the “solid” phases during 

primary sedimentation.   
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Figure 2.4.1.1.  Modeled primary sedimentation fractional removal (F) of trace organic 
compounds based on method predictions described by Khanal et al. (2006) based on 
increasing octanol-water partitioning coefficient (log Kow), concentration of volatile 
suspended solids (VSS) in the normal ranges found in wastewater influent.  Percent 
removals (F) of organic compounds with an influent VSS of 200 mg/L during 
sedimentation would increase with higher log Kow: compounds with a log Kow 
= 3.0 would exhibit nearly 4% removal, log Kow=4.0, 24% removal, and log Kow = 6.0, 
52% removal. The upper boundary of removal (60%) is determined by the limits of the 
clarifier efficiency.  
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Figure 2.4.4.2.  Observed Kp/w values vs. EPA Kp/w estimation ( based on log Kow) 
from four studies.  In most instances, observed partitioning of the hydrophobic 
compounds’ concentrations from the liquid phase into the solid phase was less than 
expected (well below the 1:1 line).       
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Figure 2.4.5.3.  Schematic of activated sludge/nitrification bioreactor with pertinent 
variables listed.   
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Figure 2.4.8.4.  Modeled versus actual partitioning between liquid and solid phases for 
prominent polybrominated diphenyl ether congeners (PBDEs) on July 17, 2008.  The 
diagonal 1:1 line is where the predicted versus observed partitioning coefficients would 
match.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Plant I (071508) PBDE Partitioning 

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

1.E+09

1.E+10

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10

EPA estimated Kp/w (L/kg)

O
bs

er
ve

d 
K

p/
w

 (
L/

kg
) 

va
lu

es

BDE 47

BDE 100

BDE99

BDE153

BDE183

BDE209



   
   
                                                                                                                                             

 

242 

Figure 2.4.8.5.  Influent, Primary Clarifier Effluent, and Primary Clarifer Sludge 
samples’ US EPA predicted compared to observed partitioning coefficients for prominent 
PBDE congeners on September 11, 2008. 
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Figure 2.4.12.6.  Testing negative (nanopure water) and positive controls (5 x 10-7 mol/L 
ethinylestradiol (EE2) spike and recovery permeates through Amicon membrane 
ultrafiltration apparatus and two 30 kilodalton NMWL membrane types : 
CA=regenerated cellulose, and PES=polyethersulfone) on YES bioassay for estrogenic 
activity.  Standards and controls are presented and compared to membrane permeates.     
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Figure 2.4.12.7.  Testing negative (nanopure water) and positive controls (5 x 10-7 mol/L 
ethinylestradiol (EE2) spike and recovery for estrogenic response in two membrane types: 
CA=regenerated cellulose, and PES=polyethersulfone) on YES bioassay after MAE 
extraction of membranes.  
 
 

1.E-13

1.E-12

1.E-11

1.E-10

1.E-09

1.E-08

CA 30kd NP
membrane 

CA 30kd NP+EE2
membrane 

PES 30kd NP
membrane 

PES 30kd NP+EE2
membrane 

Sample 

Y
E

S
 E

E
2 

eq
ui

v 
ac

tiv
ity

 (
m

ol
/L

)

EE2 eq mol/L

 



   
   
                                                                                                                                             

 

244 

Figure 2.4.12.8.  Distribution of solids-associated estrogenic load carried in Plant I 
Influent (061308) through parallel trains of filtration/membrane treatment. 
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Figure 2.4.12.9.  Distribution of liquid-associated estrogenic load carried in Plant I 
Influent (061308) through parallel trains of progressive filtration/ membrane treatment 
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Figure 2.4.12.10.  Chemical quenching of standard estradiol curve diluted in nanopure 
water (squares) compared to the same dilutions in YES bioassay media (in triplicate) 
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Figure 2.4.12.11.  Progressive quenching of counts per minute observed with increasing 
amounts of wastewater centrifuged solids (in duplicate) spiked with equivalent 
concentrations of 3H-radiolabelled estradiol at concentrations of 1 x 10-6 Ci/L. 
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Figure 2.4.12.12.  Solids-associated quenching of solids spiked with equivalent 
concentrations of 3H-radiolabelled estradiol tested in triplicate (marked by solid squares) 
with centrates of those same samples (in solid triangles).  The far left square with no 
solids content is the estrogen standard in water (3H-E2 1 x 10-5 Ci/L).  Centrates of the 
same sample show a reduction in the quenching.  Partitioning to the solids after 3 days is 
not evident.     

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

0.E+00 2.E-02 4.E-02 6.E-02 8.E-02 1.E-01

Dry weight solids (g/L)

C
P

M

1a

2a

2ac

3a

3ac

4a

4ac

5a

5ac

6a

6ac

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   
   
                                                                                                                                             

 

248 

Figure 2.4.12.13.  Permeate of Plant I Secondary Effluent through 30 kDa, 3 kDa, and 
1kDa PES membranes in parallel treatment.  Increasing the restrictions of particles 
allowed through the membranes (from right to left) should cause a drop in 3H-
radiolabelled estradiol signal in the permeate.  Instead, a steady increase in CPM is seen 
because of the reduction in quenching.  
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2.5  Conclusions 

 

A number of qualitatively consistent observations collectively represent the state 

of our knowledge regarding the fates of natural estrogens and estrogen mimics during 

conventional wastewater treatment.  Natural estrogens, oral contraceptive ingredients and 

breakdown products from surfactant cleaners are the most frequently identified sources of 

estrogenic activity in municipal wastewater, conventionally treated wastewater effluent 

and sludges/biosolids derived from wastewater treatment.  Nevertheless, in some 

samples, total estrogenic activity exceeds the additive effects of identifiable estrogenic 

compounds leaving open the question of unidentified agonists or synergistic effects of 

multiple compounds.  The task of tracking estrogenic activity and specific estrogens 

through STPs is complicated by contemporary processes that produce and destroy 

estrogens and by the tendency of alkylphenols and perhaps other hydrophobic estrogens 

to partition on sludges.  Factors contributing to the physical partitioning of wastewater 

treatment, such as the stabilizing effect of dissolved/colloidal organics, are not 

completely known. 

 Particularly the inter-facility variations in treatment efficiency suggest that 

operational parameters such as temperature, hydraulic detention time and sludge age or 

microfloral composition are important determinants of estrogen fate during conventional 

wastewater treatment.  This is an area that merits much more attention.  In this context, 

the utility of nitrification for removal of natural estrogens and alkylphenols deserves 

additional study, as do the advantages of aerobic sludge stabilization processes.  
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Anticipation of compound-specific removal efficiencies during biological treatment 

processes is not possible without reliable quantitative information on biodegradation rates 

and the potentially protective effects of compound sorption on solids.  New, affordable 

wastewater treatment and digestion methods should not be discounted, and these should 

be evaluated based on their respective abilities to help manage all classes of trace organic 

contaminants in wastewater—not estrogenic compounds alone.  Although advanced 

treatment processes are capable of producing effluents that are free of estrogenic activity, 

it is likely that the costs of such processes, when applied for removal of trace organics 

alone, cannot be justified (Jones et al., 2007).  Before initiating costly advanced treatment 

construction programs, we should better understand the collective potential of 

conventional processes for managing human and environmental risk due to estrogenic 

contaminants in wastewater. 
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Abstract 

The ecological impacts of natural estrogens and xenoestrogens in treated 

wastewater include altered sexual development and sex ratios among continuously 

exposed organisms.  The primary sources of estrogenic activity in wastewater are natural 

estrogens such as estrone, 17β-estradiol and estriol and synthetic compounds like 17α-

ethinylestradiol, alkylphenols and alklphenol ethoxylates.  Precursors in raw wastewater 

can yield estrogenic intermediates during wastewater treatment.  All these compounds 

can be destroyed by biochemical processes, albeit at significantly different rates or under 

different conditions.  That is, estrogenic compounds can be, but are not always, destroyed 

by conventional wastewater treatment processes, suggesting that conventional processes 

can be optimized for removal of estrogenic activity from wastewater.  Sorption to sludges 

derived from wastewater treatment affects the fates of hydrophobic xenoestrogens such 

as nonylphenol, in part because the biodegradability of sorbed contaminants is limited.  It 

may also be possible to tailor sludge stabilization processes to remove trace 

contaminants, including estrogens.  For example, there are significant differences in the 

efficiencies of aerobic and anaerobic digestion for destruction of alkylphenols and 

probably other estrogenic compounds with aromatic moieties.  Because advanced 

wastewater treatment is not economically feasible for most communities, there is ample 

incentive to develop accurate relationships between operational parameters and removal 

of estrogenic compounds during secondary wastewater treatment. 
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Introduction 

Conventional treatment processes were not developed to remove the many trace 

organic chemicals present in municipal wastewater.  Such compounds frequently elude 

treatment practices that are designed primarily for waste stabilization, clarification, 

disinfection and/or nutrient removal.  Residual trace contaminants are commonly 

discharged to surface waters (Kolpin et al., 2002) or added to agricultural land with 

wastewater-derived biosolids that are used as soil amendments (NRC, 2002).  Among the 

contaminants that merit attention in this regard are those that affect endocrine system 

response.  The endocrine system is sufficiently sensitive to hormone stimulus to invite 

chemical disruption at vanishingly low concentrations.  Estrogens and estrogen mimics 

are best studied among the known endocrine disrupting compounds (EDCs).  The 

compounds most frequently associated with estrogenic activity in wastewater (Table 1) 

include 17β-estradiol (E2) and related metabolites estrone (E1) and estriol (E3).  These are 

excreted by women, largely in more soluble, conjugated forms (D’Ascenzo et al. 2003).  

E1 is also produced via partial oxidation of E2 during wastewater treatment (Ternes et al., 

1999b).  Synthetic compounds with estrogenic activity include 17α-ethinylestradiol 

(EE2), an oral contraceptive and the alkylphenol polyethoxylates, of which nonylphenol 

polyethoxylates (NPnEO) are the most important.  EE2 induces vitellogenin production in 

continuously exposed male fish at slightly below part-per-trillion concentrations (Thorpe 

et al., 2003).  Vitellogenin is a protein component of egg yolk that is normally produced 

in response to endogenous estrogens in female fish (Chen, 1983).  At slightly greater 

levels, genetic male fish experience developmental abnormalities (intersex 
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characteristics) that can include immature egg development in gonadal tissue, and sex 

ratios are skewed toward females.  The incidence of intersex characteristics among all 

fish in English rivers has been estimated at one-third (Taylor et al., 2005), and fish taken 

downstream from municipal wastewater treatment plant outfalls are far more likely to 

exhibit such disorders (Jobling et al., 1998).  Collapse of the fathead minnow population 

was observed in a freshwater lake that was periodically amended with 5-6 ng/L EE2  

during a three-year period (Kidd et al., 2007).  Population restoration was not apparent in 

fish catches two years after EE2 addition was discontinued.  Parallel observations are now 

common in the United States.  The highest concentration of E2, (the primary vertebrate 

estrogen) in the 1999-2000 United States Geological Survey reconnaissance of US 

surface waters was 93 ng/L, in an effluent-dependent western stream (Kolpin et al., 

2002).  For brevity, representative environmental health effects from exposure to 

estrogens and estrogen mimics in treated wastewater are summarized (Table 2).   

E2, E1 and E3 are frequently present in treated wastewater at ng/L levels.  EE2 

concentrations are usually lower than those of natural estrogens, but EE2 also resists 

degradation in the human gut and is likewise more difficult to destroy during wastewater 

treatment.  Alkylphenols derived from the decomposition of industrial surfactants, 

including p-nonylphenol and p-octylphenol isomers, are perhaps 10-4 times as potent and 

103 times more concentrated than E2 in municipal wastewater effluent (Tables 1 and 3).  

The importance of natural estrogens, and particularly estrone, as determinants of overall 

estrogenic activity in wastewater and wastewater effluent is generally accepted (Ternes et 

al., 1999; D’Ascenzo et al., 2003; Tan et al., 2007).  However, compound 
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hydrophobicities and alkyphenol production during anaerobic digestion (see below) 

suggest that alkylphenols contribute substantially to estrogenic activity in sludges.  About 

60% of sludges derived from U.S. municipal wastewater treatment are applied to land 

(NRC, 2002). 

Here we review existing data and analyses related to the fates of estrogenic 

compounds and total estrogenic activity in conventional wastewater treatment processes.  

Only peer reviewed results are considered.  Conventional wastewater treatment is taken 

to include preliminary treatment, sedimentation, aerobic biological treatment (including 

nitrification) and sludge digestion.   

 

Preliminary Treatment and Primary Sedimentation 

The concentrations of specific estrogens and total estrogenic activity in sewage 

that reaches municipal wastewater treatment plants (STPs) are functions of the chemical 

forms in which estrogens are excreted and biochemical transformations that occur in 

sewers.  Esterification with glucuronide or sulfate (Figure 1) increases the aqueous-phase 

solubility of steroid estrogens, facilitating their excretion, and largely eliminates their 

biochemical activity (Khanal et al., 2006).  Adler et al. (2001) estimated that conjugated 

natural estrogens exceed their unconjugated counterparts in raw sewage.  Nevertheless, 

fecal bacteria expressing gulcuronidase or sulfatase enzymes hydrolyze conjugated 

estrogens, yielding their original, bioactive forms (Belfroid et al., 1999; D’Ascenzo et al., 

2003).  For the most part, glucuronide conjugates are hydrolyzed during sewer transport 

or upon entering the STP (Ternes et al., 1999).  Sulfonates, however, are significantly 
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more stable during transit and wastewater treatment (D’Ascenzo et al., 2003).  The 

concentrations of precursors from which wastewater treatment can amplify estrogenic 

activity should be inversely related to the size of the tributary collection system (travel 

time) and ambient temperature.  

Preliminary treatment (screening, grit removal, comminution, etc.) removes little 

dissolved organic material.  Grit removal affects relatively large particles that are 

primarily inorganic in character and that contribute little to the influx of 

estrogens/estrogenic activity to municipal STPs.  Thus, preliminary treatment steps are 

unlikely to have a major effect on levels of specific estrogenic compounds or total 

estrogenic activity that reaches primary sedimentation units. 

Ahel et al. (1994) compared NPnEO species distributions in raw wastewater, 

primary effluent and commercial NPnEO mixtures.  Results suggested that ethoxy chain 

length is modestly shortened during wastewater collection and transport, but that the 

distribution of NPnEOs is not further changed during primary wastewater treatment.  In 

general, NPnEO oligomers become increasingly hydrophobic (Table 1) and less 

biodegradable with successive abbreviations of the polyethoxylate moiety.  4-

Nonylphenol (NP), NP1EO and NP2EO, which are essentially absent in commercial 

NPnEO mixtures, constituted 15% of total nonylphenolic compounds (NP-c) in the 

influents to 11 Swiss STPs.  Because NP, NP1EO and NP2EO are more estrogenic than 

their longer-chain precursors, such conversions, like the hydrolysis of estrogen 

conjugates, tend to increase the total estrogenic activity of STP influents (Ying et al., 

2002). 
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Primary sedimentation.  A model for estrogen removal via sorption/sedimentation 

was described by Khanal et al. (2006).  The hydrophobicity of important wastewater 

estrogens provides a plausible route for their removal from suspension on settleable 

solids during primary sedimentation.  Assuming that (i) dissolved and solid phase 

concentrations of individual compounds are at equilibrium and (ii) the sorbed and 

aqueous-phase concentrations of trace organic chemicals in wastewater are governed by a 

linear adsorption isotherm, the fractional removal of individual compounds on settleable 

solids during primary sedimentation would be governed by: 

 F  =  E x [VSS]/(1/focKoc + [VSS])   (1) 

where  E is the fractional removal of volatile suspended solids during primary 

sedimentation (0.5-0.7; Metcalf and Eddy, 1991), [  ]; 

 [VSS] is the influent concentration of volatile suspended solids [g/mL];   

Koc is a coefficient governing the equilibrium distribution of solute/sorbate 

[mL/g]; and 

foc is the fraction organic carbon in VSS—here taken to be 0.53 [  ] based on the 

elemental composition of biomass (LaGrega et al., 2001; Metcalf and Eddy, 

1991). 

For aromatic compounds, Koc values can be predicted from  

  Koc = 0.62 Kow      (2) 

in which Kow is the octanol/water partition coefficient (USEPA, 1989). 

 The dependence of chemical-specific removal efficiencies (Eqn 1) on the influent 

concentration of volatile suspended solids (80-275 mg/L; Metcalf and Eddy, 1991) and 
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the compound-specific octanol/water partition coefficient in the range 2.5 < log Kow < 5.0 

is illustrated in Figure 2.  When the influent [VSS] = 175 mg/L and E = 0.6, the removal 

efficiency of a representative estrogen (log Kow = 3.5) is predicted to be just 10%.  

Increased compound hydrophobicity and higher influent [VSS] or greater VSS removal 

efficiency would increase the fractional removal.  In this exercise, for example, the 

removal efficiency for a more hydrophobic compound like NP (log Kow = 4.48) is 

predicted to be almost 40% (other parameters unchanged).  The upper limit for compound 

removal during primary sedimentation is equal to that of volatile suspended solids.  The 

exercise suggests that removal efficiencies of natural estrogens during primary 

sedimentation are likely to be modest.  Efficiency is insensitive to the volume rate of flow 

(other than as a determinant of VSS removal) or the mass of primary sludge produced, 

although such dependences have been suggested (Khanal et al., 2006).  On the other 

hand, removals are sensitive to compound hydrophobicity, at least in the range 3.0 < log 

Kow < 5.0.  The analysis neglects matrix effects on compound solubility—the potential 

stabilization of aqueous-phase trace organic contaminants via interaction with colloidal 

organics in wastewater (Holbrook et al., 2005).  Matrix effects may decrease removal 

efficiencies for hydrophobic solutes via physical processes (adsorption/sedimentation).  

Furthermore, trace organics that contribute to total estrogenic activity may by 

heterogeneously distributed in organic solids, invalidating equilibrium assumptions 

regarding their division between liquid and solid phases.  Only a few studies (e.g. 

Esperanza et al., 2007; Andersen et al., 2003) offer detailed data with which to calibrate 

sorption/sedimentation models or verify partitioning assumptions.  
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Biological Wastewater Treatment 

The expanding literature related to estrogenic compounds and estrogenic activity during 

conventional secondary treatment can be conveniently subdivided into three types of 

studies: 

• Broad surveys of plant performances.  These include facilities with very 

different process configurations and operational characteristics, so that general 

relationships can be deduced between removals of estrogens/estrogenic 

activity and operational characteristics or standard performance parameters. 

• Mass balances derived from multiple observations at single (or at most 

several) wastewater treatment facilities.  In these cases, individual unit 

operations are sometimes isolated and characterized. 

• Bench- and pilot-scale studies of unit operations in which operational 

parameters can be varied systematically.  These yield direct relationships 

between operational characteristics and performance indicators. 

Survey data.  Table 3a provides a broad summary of compound-specific removal 

data at conventional wastewater treatment plants.  Due to space limitations, a subset of 

the studies included in the tabular summary is summarized in the text.  Concentrations of 

E1, E2 and total estrogenic activity were measured at 16 STPs (activated sludge, aerated 

lagoons) in Canada (Servos et al., 2005).  E2 removal efficiencies (influent to effluent) in 

the Canadian study ranged from 40-99%.  Estrone removals were much more variable, 

ranging from -55% (net E1 production) to 98%.    Removal efficiencies for E1 and E2 
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were weakly related to plant mean solids retention times (sludge age, θc) and both 

aeration basin and treatment system hydraulic retention times.  Plants that showed 

evidence of nitrification were generally more successful at removing E1 and E2.  Removal 

of estrogenic activity was also highly variable during conventional secondary treatment.  

The method used to measure whole-sample total estrogenic activity was the Yeast 

Estrogen Screen (YES bioassay), which was developed by Routledge and Sumpter 

(1996).  The YES procedure is based on estrogen-dependent expression of β-

galactosidase in a recombinant strain of Saccharomyces cerevisiae.  The strain was stably 

transformed with genes corresponding to a human estrogen receptor protein (hER-α) and 

the estrogen receptor element fused to lacZ, which codes for β-galactosidase.  Cells 

exposed to estrogens and/or estrogen mimics express β-galactosidase in a dose-dependent 

manner.  β-Galactosidase activity can be measured colorimetrically based on the 

conversion of one of several possible chromogens.  Results are converted to an equivalent 

concentration of a known estrogen via comparison to standards.  The bioassay provides 

reproducible results in chemically complex samples, including wastewater extracts, and 

requires less effort than alternate in vitro bioassays for estrogenic activity (Andersen et 

al., 1999; Zacharewski, 1998; Soto et al., 2006; Fang et al., 2000).  On the other hand, 

bioassays based on the response of transformed human cell lines, e.g. E-Screen (Soto et 

al., 2006) and T47D-K-Bluc (Wilson et al., 2004) are significantly more sensitive and 

may respond in a more physiologically relevant fashion due to differences in 

transmembrane transport characteristics between yeast and human cells, etc.  Significant 
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differences in the relative responses of the YES and E-Screen bioassays to known 

estrogenic compounds are apparent in Table 1.   

In a similar study in Italy that involved six wastewater treatment plants and five 

sampling periods, the average through-plant removals of E2, E1, E3 and EE2 were 87%, 

61%, 95% and 85%, respectively (Baronti et al., 2000).  The removal efficiency of 

estrone was again highly variable, with net production of estrone during some sampling 

periods.  Johnson et al. (2000) found that the average influent-to-effluent reductions of E2 

and E1 were 88% and 74%, respectively, at a series of European treatment plants, and 27 

Japanese plants (Nasu et al., 2001) averaged 67% removal of E2 (influent-to-effluent).  

Similarities among the general findings in these studies suggest that operational factors 

affecting the removal of estrogens during biochemical wastewater treatment can be 

understood.  The production of E2 or E1 from conjugated precursors, however, was 

seldom considered.  Thus, net production of E1 may have been from a combination of E2 

oxidation (Ternes et al., 1999) and hydrolysis of conjugated forms (particularly the 

longer-lived sulfate esters) of E1.  Additional work is necessary to separate and quantify 

treatment-dependent sources of estrogenic activity. 

Tan et al. (2007) measured the concentrations of specific estrogenic compounds 

and total estrogenic activities in samples withdrawn from various points at five 

conventional wastewater treatment plants in Australia.  This is probably the most detailed 

study of its kind to date.  As observed by others, natural estrogens E2 and E3 were 

efficiently removed (> 90%, and usually significantly greater, influent to effluent) during 

treatment.  Estrone removals were again highly variable, however, ranging from negative 
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removal (-220%) to >90% removal efficiency.  Reasons cited included cleavage of 

glucuronide estrogen conjugates, oxidation of E2 to E1 and the resistance of estrone to 

biochemical transformation.  In four of the five plants surveyed, estrone was apparently 

the primary contributor to effluent estrogenic activity based on analytical results.    

Synthetic organics.  Tan et al. (2007) also found that p-nonylphenol and bisphenol 

A were reduced by 85- >99% and 38- >99% in effluent samples.  Alkylphenols and 

phthalates were concentrated in biological sludges, suggesting that biosolids are a 

significant sink for hydrophobic trace organics.  In many cases, the whole-sample 

estrogenic activities (E-Screen) in plant influents and effluents were reasonably well 

predicted from chemical measurements using an additive model.  Under-predictions, 

although sometimes large, were roughly balanced by over-predictions of estrogenic 

activity. 

At the 11 Swiss STPs in a study by Ahel et al. (1994) (Tables 3a and 3b), NP-c 

accounted for a remarkable 3-10% of the dissolved organic carbon (DOC) concentrations 

in primary effluents and 2-8% of DOC in (secondary) effluents.  Results suggest that NP-

c is about as susceptible to secondary treatment removal mechanisms (biotransformation 

and physical sorption) as other major wastewater organics.  The mass of NP-c was 

reduced by an average of about 59% (molar basis) during biological treatment.  NPnEO 

(n > 2) mass, however, was reduced by 88%, much of which was converted to 

carboxylated forms (predominantly NP1EC and NP2EC).  These compounds accounted 

for almost half of the NP-c in secondary effluents from the 11 STPs.  
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Aerobic transformation of APEs also produces products with multiple carboxyl 

groups, in which both the alkyl and ethoxy side chains become carboxylated.  As a class, 

the products are carboxyalkylphenoxy ethoxy carboxylates (CAPECs; Ding et al., 1996; 

DiCorcia et al., 1998).  Early work with these compounds suggests that they are 

relatively soluble and unexpectedly persistent during secondary wastewater treatment 

(Johnson and Sumpter, 2001). 

A convincingly large number of studies indicate that removals of NP, NP1EO and 

NP2EO are strongly affected by the type and efficiency of wastewater treatment 

practiced.  Ahel et al. (1994) measured a wide range of removal efficiencies for NP1EO 

+ NP2EO (-19 to 80%) and NP (9-94%) during secondary treatment (primary effluent to 

secondary effluent).  Evidence of nitrification was generally accompanied by relatively 

high removal efficiency.  However, mass balances at two of the 11 plants surveyed 

suggested that relatively little of the observed NP loss was a consequence of 

biodegradation.  That is, sorption to activated sludge played a much greater role in 

removing NP during secondary treatment, and almost half of the total NP efflux from the 

secondary treatment units  (effluent plus waste activated sludge) analyzed was bound to 

waste activated sludge (WAS).  Corresponding data for NP1EO and NP2EO, both of 

which partition less readily on sludge, indicated that WAS accounted for much lower 

percentages of their respective effluxes (~ 15% for NP1EO and ~ 7% for NP2EO). 

Other studies have produced similar results.  That is, concentrations of NP and 

NP(1-3)EO vary widely in STP effluents, from undetectable levels (< LOD) to hundreds 

of µg/L.  Snyder et al. (2000) measured NP concentrations from 0.017 - 37 µg/L at a 
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series of Michigan STPs.  NPEOs were present at concentrations from < LOD to 332 

µg/L.  In northeastern Spain, Sole et al. (2000) measured effluent NP concentrations from 

6 – 343 µg/L.  This and other comparisons of NP and NPEO levels in STP effluents are 

summarized in Table 3a.  The summary suggests that although NP, NP1EO and NP2EO 

can be removed from domestic wastewater using conventional treatment methods, 

removal efficiencies are highly variable and presumably sensitive to STP operational 

parameters. 

Full-scale plant mass balances.  Körner et al. (2000) were among the first to 

produce an input/output balance on estrogenic activity at a large-scale wastewater 

treatment plant.  The treatment plant in this investigation provided activated sludge 

treatment with biological nitrogen removal (nitrification/denitrification).  In addition, 

several phenolic xenoestrogens, including p-nonyphenol, were measured in both plant 

influent and effluent (24-hour composites).  Total estrogenic activity decreased from 58-

70 ng/L (equivalent concentration of E2, E-screen) to 6 ng/L in the plant effluent.  Little 

of the missing activity (< 3%) was accounted for in sludge extracts. p-Nonylphenol was 

present in influent wastewater at 2.1–2.6 µg/L and was reduced by 40-85% (influent-to-

effluent) during treatment.  Individual estrogenic compounds were not measured in 

sludge extracts.  Xenobiotic compounds in wastewater and effluent could account for 

only a minor fraction (<5%) of the total estrogenic activity, suggesting that natural 

estrogens were the primary contributors to total estrogenic activity.   

Full-scale treatment plant measurements by Holbrook et al. (2002) indicated that 

one-half to two-thirds of the influent flux of  estrogenic activity (YES bioassay) was lost 
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during conventional secondary (activated sludge) treatment.  From 5-10% of the influent 

estrogenic activity was present in digested sludge extracts.  A striking aspect of this study 

was the increase in extractable estrogenic activity that accompanied both anaerobic 

(~100%) and aerobic sludge (~360%) digestion.  The treatment facilities analyzed 

produced nitrified effluents. 

Anderson et al. (2003) measured the fate/attenuations of E1, E2 and EE2 through 

an advanced biological treatment plant (nitrification/denitrification).  Measurements were 

in extracts from solids as well as predominantly liquid samples.  E1 and E2 were not 

detected in the plant effluent (> 98% removal, influent to effluent, of E1 + E2; E1, E2 

concentrations <1 ng/L).  The effluent EE2 concentration was also below the method 

quantification limit (1 ng/L), so that influent-to-effluent EE2 removal was > 87%.  About 

10% of the missing compound mass (all analytes) was accounted for in plant sludges.  

There was essentially no change in E1 + E2 during anaerobic digestion. 

Bench-scale studies.  Among the advantages of bench-scale treatment plant 

simulations is the ability to control concentrations of the target compounds and 

manipulate variables that are likely to affect process performance.  Although they are not 

plant simulations, short-term batch experiments can support estimation of compound-

specific kinetic parameters.  Ternes et al. (1999b) followed the transformations of E1, E2 

and EE2 in diluted samples of activated sludge from a municipal wastewater treatment 

plant.  The disappearance of E2 under aerobic conditions was unexpectedly fast (half time  

20-30 minutes), yielding near stoichiometric amounts of E1.  The half time for E1 

disappearance was highly variable – up to about 25 hours.  The VSS concentration in 
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these batch experiments was 0.26 g/L.  Levels of estrogen targets in these experiments 

were much higher than concentrations encountered in wastewater.  The study also 

conclusively showed that hydrolysis of E2-glucuronides to E2 (followed by oxidation to 

E1) was fast.  EE2 was persistent under the conditions of the experiments (50-75 h).   

Shi et al. (2004) reported half times for E2 degradation by a nitrifying activated 

sludge (32 minutes), E1 (12.4 hours), E3 (23 hours) and EE2 (20 hours).  Mixed liquor 

volatile suspended solids (MLVSS) concentrations in Shi’s experiments were, however, 

significantly higher than those of Ternes.  Joss et al. (2004) also measured estrogen 

removal in batch reactors seeded with activated sludge from a denitrification / nitrifying 

wastewater treatment plant.  Under aerobic conditions, half times for disappearances of 

E1, E2, and EE2 were 20 minutes, 15 minutes and 7 hours, respectively.  There remains a 

lack of consensus regarding biological transformation rates of the natural estrogens and 

EE2, and mixed liquor ecology may be a strong determinant of degradation kinetics.  Shi 

et al. found that degradation rates for the four estrogens were similar in batch cultures of 

Nitrosomonas europa, an ammonia-oxidizing bacterium.  Unlike their mixed culture 

results, degradation of E2 by N. europa did not yield E2 as a reaction intermediate.  

Results suggest that nitrifying bacteria are not the primary degraders of natural estrogens 

and EE2 in mixed cultures derived from activated sludge. 

Esperanza et al. (2007) constructed a bench-scale wastewater treatment plant 

consisting of primary sedimentation, three-stage activated sludge, secondary clarifier and 

various sludge handling/treatment processes.  The MLVSS concentration in the aeration 

tanks was about 1,400 mg/L, and the effluent was fully nitrified.  E1, E2, E3 and EE2 were 
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seeded into the synthetic influent and monitored at various points in the treatment system.  

Influent-to-effluent removals were 82% for E1, 99-100% for E2, 82% for E3 and 42% for 

EE2.  Studies of this type will eventually provide reliable relationships between 

operational parameters for biochemical treatment and EDC removals. 

 

Digestion 

Brunner et al. (1988) recognized that commercial surfactants intended for use in 

water as cleansers are among the most important synthetic organics in wastewater.  

McEvoy and Giger (1986) found that residuals from the partial degradation of detergents 

were present in sludges derived from municipal wastewater treatment at concentrations 

that were orders of magnitude higher than polychlorinated biphenyls, polyaromatic 

hydrocarbons and other celebrated hydrophobic contaminants.  The potential for 

conversion of NPnEO into more hydrophobic and estrogenic compounds, including 

NP1EO, NP2EO and NP, during conventional wastewater treatment was described 

previously.  In STPs that produce well clarified effluents, NP hydrophobicity suggests 

that most of the p-nonlyphenol that eludes additional biotransformation steps will be 

present in WAS.  This was confirmed by Brunner et al. (1988), who found that the mass 

flow of NP in WAS was roughly 10x the corresponding mass flow in clarified secondary 

effluent at a Swiss STP.  Interestingly, the mass flux of NP in digested sludge was 5.7x 

higher still, and 6.4x higher than the NP mass flux in the treatment plant influent, 

primarily due to the production of NP during anaerobic sludge digestion.  Bruno et al. 

(2002) measured changes in the concentrations of NP(2-6)EO and NP(1-4)EC during 
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anaerobic digestion (14 days).  Digestion removed 57% of the NPEOs measured and 74% 

of the NPECs.  On a dry weight basis, the observed increase in NP was similar to the sum 

of the masses of NP-c lost, but the analysis did not account for the destruction of solids 

that may have occurred during digestion.  More recently, the conversions of NPnEO and 

NPnEC during anaerobic digestion were reported by Minamiyama et al. (2006).  Almost 

all the NP1EC and 40% of the NP1EO added during simulated mesophilic anaerobic 

digestion (28 days, 35°C) were converted to NP.  Although the contribution of NP to total 

estrogenic activity in secondary effluent may be minor in comparison to that of natural 

estrogens and EE2, its accumulation in digested sludge provides a potentially critical 

environmental exposure pathway when biosolids are utilized as soil amendments, as in 

the United States (60%; NRC, 2002), Canada (30%; Webber et al., 1996) and France 

(60%). 

There is ample evidence that aerobic digestion can stabilize sludges without 

producing estrogenic by-products from the breakdown of surfactants.  Brunner et al. 

(1988) found that Swiss STPs that practiced aerobic digestion produced sludges with 

significantly less NP than those with anaerobic digesters.  The finding was based on 

results from 29 STPs.  Samples derived in both 1983 and 1986 produced the same 

(statistically relevant) results.  Giger et al. (1984) found that anaerobically digested 

sludge contained from 4-5 times as much NP as sludges derived from STPs with aerobic 

digesters.  Hernandez-Raquet et al. (2007) directly compared the fates of NP in sludges 

that were treated via bench scale digestion under aerobic and anaerobic conditions (30°C; 

θ, θc = 20d).  While the concentrations of NP, NP1EO and NP2EO were essentially 
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unchanged during anaerobic digestion, all were reduced below the limits of detection 

under aeroabic conditions.  Total estrogenic activity decreased by about 90% during 

aerobic digestion but was unchanged or increased slightly during anaerobic digestion.  

Results imply that alkylphenols may be responsible for much of the residual estrogenic 

activity in biosolids that are land applied.  

The increase in total estrogenic activity observed by Holbrook et al. (2002) during 

full scale anaerobic and aerobic digestion was described previously.  The evolution of NP 

and octylphenol during anaerobic digestion undoubtedly increases the contributions of 

these compounds to estrogenic activity in biosolids, but aerobic digestion probably 

reduces estrogenic activity during sludge stabilization.  Thus, some of the work by 

Holbrook et al. (2002) lies counter to general expectations.  Esperanza et al. (2007), 

found that aerobic sludge digestion outperformed a parallel anaerobic process in terms of 

E1, E2 and EE2 removals.  Anaerobic digestion (15d) produced fractional removals of 

0.60 (E1), 0.77 (E2) and 0.68 (EE2).  Aerobic digestion (conditions otherwise identical) 

produced fractional removals of 0.69 (E1), 0.90 (E2) and 0.88 (EE2).  The situation 

warrants additional investigation, particularly when biosolids are disposed of via land 

application. 

 

Summary 

 A number of qualitatively consistent observations collectively represent the state 

of our knowledge regarding the fates of natural estrogens and estrogen mimics during 

conventional wastewater treatment.  Natural estrogens, oral contraceptive ingredients and 
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breakdown products from surfactant cleaners are the most frequently identified sources of 

estrogenic activity in municipal wastewater, conventionally treated wastewater effluent 

and sludges/biosolids derived from wastewater treatment.  Nevertheless, in some 

samples, total estrogenic activity exceeds the additive effects of identifiable estrogenic 

compounds leaving open the question of unidentified agonists or synergistic effects of 

multiple compounds.  The task of tracking estrogenic activity and specific estrogens 

through STPs is complicated by contemporary processes that produce and destroy 

estrogens and by the tendency of alkylphenols and perhaps other hydrophobic estrogens 

to partition on sludges.  Factors contributing to the physical partitioning of wastewater 

treatment, such as the stabilizing effect of dissolved/colloidal organics, are not 

completely known. 

 Particularly the inter-facility variations in treatment efficiency suggest that 

operational parameters such as temperature, hydraulic detention time and sludge age or 

microfloral composition are important determinants of estrogen fate during conventional 

wastewater treatment.  This is an area that merits much more attention.  In this context, 

the utility of nitrification for removal of natural estrogens and alkylphenols deserves 

additional study, as do the advantages of aerobic sludge stabilization processes.  

Anticipation of compound-specific removal efficiencies during biological treatment 

processes is not possible without reliable quantitative information on biodegradation rates 

and the potentially protective effects of compound sorption on solids.  New, affordable 

wastewater treatment and digestion methods should not be discounted, and these should 

be evaluated based on their respective abilities to help manage all classes of trace organic 
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contaminants in wastewater—not estrogenic compounds alone.  Although advanced 

treatment processes are capable of producing effluents that are free of estrogenic activity, 

it is likely that the costs of such processes, when applied for removal of trace organics 

alone, cannot be justified (Jones et al., 2007).  Before initiating costly advanced treatment 

construction programs, we should better understand the collective potential of 

conventional processes for managing human and environmental risk due to estrogenic 

contaminants in wastewater. 
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Figure 1:  Principal conjugated forms of 17β-estradiol.  As shown here, E2 is 
modified at the 3-carbon position.  Conjugation can also occur at the 17-carbon 
position (primarily E 2-17G).  E1 and E3 are similarly conjugated.  For a breakdown 
of the primary conjugated forms excreted by women, see D’Ascenzo et al. (2003). 

 

 
 
X  = H (17β-estradiol) 
     = C6H9O6  (glucuronate) 
     = SO3H (sulfonate) 
 
Figure 2:   Predicted fractional removal of trace organic compounds during 
sedimentation, based on log Kow (shown at right) and an assumed 60% removal of 
the influent concentration of VSS during primary sedimentation.  Model predictions 
follow the method outlined by Khanal et al. (2006). 
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Table 1.  Chemical and biochemical characteristics of wastewater estrogens/estrogen 
mimics.  Estrogenic potencies from Yeast Estrogen bioassay data. 

 
EDC 

 
Chemical Structure 

Mol 
Wt. 

(g/mol) 

Water 
Solu-
bility 

(20°°°°C) 
(mg/L) 

 
Log 
K ow 

E2 Rel-
ative 

Potency 
(YES) 

E2 Rel-
ative 

Potency  
(E-

Screen) 
Estrone (E1)  

 

 
 

270.4 13a 3.43a 0.38c 
 
 

0.01 k - 
0.096 m 

17β-estradiol (E2) 

 

272.4 13a 3.94a 1.0c 1.0 k   

Estriol (E3) 

 

288.4 13a 2.81a 0.024c 0.1 k  - 0.25 l 

Ethinyl Estradiol 
(EE2) 

 

296.4 4.8a 4.15a 1.19c 0.91 m -1.0 k 

Bisphenol A 

 

228.0 300b 3.40b 5.0 x 10-5 f 1.26 x 10 -5 j 

Octylphenol (OP) 
 
 
 
 
 
Nonylphenol (NP) 

 

 
R=C8H17, octyl; R=C9H19 nonyl 

206.3 
 
 
 

220.0 

12.6d 

 

 

 

5.43d 

 

4.12e 

 

 

 

4.48e 

 

 

8.3 x 10-4 f 

 

 

 
1.7 x 10-4 f 

 

2.3 x 10-4  j 

 

 
 
7.8 x 10-5  j 

Nonylphenol 
Polyethoxylates 
(NPnEO; n=≥6-20) 

 
 
 
 
 
APEn (n=m+1); R=C9H19, nonyl 

484.0-
1101.6 

 

>31.9 d ≤4.1e 
 

non-res-
ponsive 
for 
NP12EOf 

 

Nonylphenol 
Polyethoxylates 
(NPnEO; n=≥3-5) 

 
 
 
 
 
APEn (n=m+1); R=C9H19, nonyl 

352.0-
440.0 

5.88- 
9.48 d 

4.2-4.3e 
 

  

OH 

CH3 

HO 

H3C 

OH

R

OH

R
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Table 1.  continued 

 
EDC 

 
Chemical Structure 

Mol 
Wt. 

(g/mol) 

Water 
Solu-
bility 

(20°°°°C) 
(mg/L) 

 
Log 
K ow 

E2 Rel-
ative 

Potency 
(YES) 

E2 Rel-
ative 

Potency  
(E-

Screen) 
Nonylphenol-
diethoxylate 
(NP2EO) 

 
 

APEn (n=2); R=C9H19, nonyl 

308.0 3.38d 4.21e 2.5 x 10-6 f  

Nonylphenol-
monoethoxylate 
(NP1EO) 

 

  
              R=C9H19, nonyl 

264.0 
 

3.02d 4.17e 2.0 x 10-6 i  

Nonylphenoxy 
ethoxy acetic acid 
(NP2EC) 

 

 

 
               R=C9H19, nonyl 

322 soluble 1.34h 

(for un-
substi-
tuted 

phenox
yacetic 
acid) 

5.6 x 10-5 f  

Nonylphenoxy 
acetic acid (NP1EC) 
 

 
R=C9H19, nonyl 

278 soluble 1.34h 

(for un-
substi-
tuted 

phenox
yacetic 
acid)  

5.6 x 10-5 f  

a Lai et al. (2000), b Bayer et al. (1989) cited by Staples et al. (1998), c Rutishauser et al. (2004) cited by Aerni et al. (2004), d Ahel et 
al. (1993a), e Ahel et al. (1993b), f Routledge et al. (1996), g Murk et al. (2002), h Syracuse Research Corp (1998),  i Metcalfe et al. 
(1999),  j Leusch et al. (2006),  k Soto et al. (1995), l Fang et al. (2000), ), m Korner et al. (2001) 
 

 

 

 

 

 

 

 

1
2 

1

R 
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Table 2.  Environmental effects attributed to wastewater estrogens and estrogen  

mimics (selected studies).  

EDC Sample Site Species EDC Effect Reference 
Mix of WW with PCB, 
PBDE, APEOs, pesticides 
(hormones not ID'd) 

Potomac River, 
Washington DC 

Micropterus dolomieu / small 
mouth bass 

intersex (oocytes in  testes) USGS Report 2006-
1393 (Chambers et al.  
2006) 

WWTP effluent-unidentified 
mix of compounds 

United Kingdom: 
WWTP receiving waters 
(rivers) 

Rutilis rutilis/ roach fish intersex (vitellogenin, ova, and tissue 
changes) characteristics in males 

Jobling et al. (1998) 

Bisphenol A Review of several 
studies 

Human prostate cancer development Hess-Wilson and 
Knudsen (2006) 

Bisphenol A Review of several lab 
studies 

Human polycystic ovary syndrome, utero-
trophic effects, decreased sperm, 
increased prolactin release 

Tsutsumi et al. (2005) 

Octylphenol Lab study Fisher 344 and Donyru / 2 rat 
strains 

persistent estrus  Yoshida et al. (2000) 

Ethinyl estradiol (EE2) Lab study Oryzias latipes/ Medaka fish intersex in males: testes ova and 
abnormal tissue development 

Hano et al. (2007) 

Ethinyl estradiol (EE2) Review of several 
studies 

Human prostate cancer development Hess-Wilson et al.  
(2006) 

Nonylphenol (NP) Lab study Sprague-Rawley female rats irregular estrous cycles and advanced 
onset of tissue development  

Kim et al. (2002) 

Nonylphenol (NP) Lab study Human males decrease in sperm production  Lu et al. (2006) 
17β-estradiol (E2) Review of several  

studies 
rats delay in age of first estrus and vaginal 

opening; irregular then persistent 
estrus; disorders in ovarian and 
mammarian development 

Rasier et al. (2006) 

17β-estradiol (E2) Field study Chrysemys picta/ female 
painted turtles 

increased E2 levels needed for  
vitellogenin induction of  female eggs 

Irwin et al. (2001) 
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Table 3a:  Fates of Estrogenic Compounds/Activity During Wastewater Treatment- 
Influent to Effluent Reductions. 

Study Site EDC or 
type of 

measure-
ment 

Biological 
Treatment 

Type 

Influent 
Concentra-
tion: ng/L 

mean (+/- SD) 

Influent to 
Effluent  % 
reduction 
average 
(range) 

20 Swedish WWTPs with various biological treatments.  
Svenson  et al. (2003) 

YES AS (n=7) 10.9 (8.4) 74% 

 YES TF (n=3) 10.7 (9.2) 54% 

 YES AS-NR (n=2) 11.7 (9.2) >98% 
6 Roman WWTPs.  D'Ascenzo et al. (2003) E1-3S AS 25  (29)   64% 
 E3 AS 72 (27) 97% 

 E2 AS 11 (8) 85% 

 E1 AS 44 (17) 61% 
12 Canadian  WWTPs with various primary, secondary,  
tertiary treatments (no primary, trickling filter plants or 
lagoons included in averages).  Servos et al. (2005) 

 
E2 

 
AS 

 
2.4-26* 

 
(40 - 99%) 

 E1 AS 19-78* (-55 - 98%) 

 YES AS 50-148* (-50 - 100%) 
6 Italian WWTPs.  Baronti  et al. (2000) E3 AS 80 (48) 95% 
 E2 AS 12 (6) 87% 

 E1 AS 52 (22) 61% 

 EE2 AS 3 (5) 85% 
8 European WWTPs  Johnson et al. (2000) E3 AS 57 (34) 82% 
 E2 AS 12 (12) 88% 
 E1 AS 42 (39)  74% 
27 Japanese WWTPS  Nasu et al. (2001) E2 AS,AS-NR 45 (median) 67% (median) 
 NP1-4EO AS,AS-NR 20 µg/L 

(median) 
92% (median) 

 NP AS,AS-NR 6 µg/L 
(median) 

94% (median) 

4 STPs in NE Spain  Sole et al. (2000) E3 AS 131 (151) 100% 
 NP AS 199 (138)µg/L  (-623 – 95%) 
 NPnEO 

(n=4+ 6) 
AS 249 (460) µg/L  (58-100%) 

 NPEC AS 23 (38)µg/L  (-2400 – 
100%) 

1st of 2  WWTPs :  Brazil plant with split biological 
treatment train-AS and TF.   Ternes et al. (1999a) 

 
E2 

 
AS 

 
21* 

 
99.9% 

 E2 TF 21* 92% 

 E1 AS 40* 83% 

 E1 TF 40* 67% 

 EE2 AS 6* 78% 

 EE2 TF 6* 64% 
Second WWTP:  Frankfurt, Germany.   Ternes et al. 
(1999a) 

E2 AS (batch) 15* 64% 

 E1 AS 27* 0% 
11 WWTPs, Zurich, Switzerland.  Ahel et al. (1994) NP-c AS 2330-4050  

nMol/L † 
59% † (26-79) 

 NP3-20EO AS 1310-3220  
nMol/L † 

88% † (76-97) 

 NP1,2EO AS 310-840 
nMol/L † 

49% †    
(-19 – 80) 

 NP1,2EC AS 9-270 nMol/L † -315% † 
(-660 - -110) 

 NP AS 110-430 
nMol/L † 

65% † 
(9-94) 
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Table 3a continued. 
 
 

Study Site EDC or 
type of 

measure-
ment 

Biological 
Treatment 

Type 

Influent 
Concentra-
tion: ng/L 

mean (+/- SD) 

Influent to 
Effluent  % 
reduction 
average 
(range) 

5 WWTPs in SE Queensland, Australia: Tan et al. (2007) E3 AS, AAA,BNR ND-185 (227)  100% 
with variable bioreactors E2 AS, AAA,BNR 3(5) - 226(161)  (90 -100%) 

 E1 AS, AAA,BNR ND -18(4)  (-223 - 100%) 

 NP AS, AAA,BNR 381(73) -  
5320 (200)  

(85 - 99%) 

 OP AS,,AAA,BNR 46(7) –  
350 (85) 

(78-98%) 

 BPA AS, AAA,BNR ND - 
2847(2610)  

(38 – 99%) 

 E-Screen AS, AAA,BNR 108 (69) -
356(139)-  

(81 - 99%) 

WWTP is wastewater  treatment plant; ND is non-detect (or below detection level) 
*  No standard deviations were provided for influent concentrations; n=# is the number of plants included for calculations.  
† Primary Clarifier Effluent Samples, so %  molar reductions are from Primary Clarifier Effluent to Final Effluent  
E3 is Estriol;  E2 is 17β-estradiol;  E1 is estrone; EE2 is 17α-ethinyl estradiol; E2+E1 are the combined measured amounts of E2 and 
E1; YES is the total E2 equivalent estrogenic activity as measured by the Yeast Estrogen Screen (YES) bioassay; 
E-Screen is the total E2 equivalent estrogenic activity as measured by the Estrogen Screen (E-Screen) bioassay 
NP is nonylphenol; NPnEO (n=0-20) are nonylphenol polyethoxylates with the ethoxylate chains (n) ranging from 0 to 20.   
NPnEC are nonylphenol  ethoxycarboxylates with n=number of ethoxycarboxylate groups.  
AS is Activated Sludge; DNR. is Denitrification Reactor; NR is Nitrification Reactor; TF is Trickling Filter; SBR is Sequential Batch 
Reactor; AAA is anoxic, anaerobic, aeration bioreactors, BNR is biological nutrient removal; AD is Aerobic Digester; AAD is 
Anaerobic Digester ;TAD is Thermophilic Anaerobic Digester; MAD is Mesophilic  Anaerobic Digester  
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Table 3b:  Fates of Estrogenic Compounds/Activity During Wastewater  
Treatment—Summary of Mass Flux Balances around Specific Unit Operations. 

Mass Balance Results:  % Reduction in  Mass Fluxes 
Through  the Specified Unit Operation 

 
EDC 

or type of 
measurement 

 
Biological 
Treatment 

Type 

 
% of  Influx 
sorbed on 

Solids 
Mass 

Balance 
around Plant 

Denitri-
fication 
Zone 

 

Nitrification/ 
Activated 

Sludge 

Digester 

 
Digester 

Type 

Steinhaule, Germany WWTP.  Korner et al. (2000) 
E-Screen AS-NR 2.8% 86%     
U.S.A. WWTP with AS and a 2-stage mesophilic anaerobic digester.   Holbrook et al. (2002) 
YES AS 5% 60%  52% -100% MAD 
U.S.A. WWTP with AS and a 3-stage thermophilic, followed by a 2-stage mesophilic anaerobic digester.  Holbrook et al. (2002) 
YES AS 10% 46%  55% -360% TAD> MAD 
Sydney, Australia WWTP with a 2-stage (anoxic and aerobic) sequential  batch reactor (SBR).   Braga et al. (2005) 
E2 SBR    95%   
E1 SBR    78%   
Wiesbaden, Germany WWTP with 2-stage denitrification/ nitrification treatment followed by a thermophilic anaerobic digester.      
Andersen et al. (2003) 
E2 + E1 DNR-NR 11% 87% >38% 18% 9.3% TAD 
EE2 DNR-NR <5% >82% 16% 31% 55% TAD 
29 Swiss WWTPs survey with 1 WWTP mass flux calculation  Brunner et al. (1988) 
NP AS -550% -560%  83% -460% AAD 

NP1EO AS 61% -3.5%  35% 64% AAD 

Roma Nord WWTP, Rome, Italy anaerobic digestion  Bruno et al. (2002) ‡ 
NP2-6EO      57% ‡ AAD 

NP1-4EC      83% ‡ AAD 

NP      -27% ‡ AAD 

Zurich-Glatt WWTP, Switzerland         Ahel  et al. (1994) (Mole /day basis) 
NPnEO sum 
(Σ n=0-20) 

AS-NR  35%     

NP AS-NR  -659%     

Ulster WWTP, Switzerland         Ahel  et al. (1994) (Mole /day basis) 
NPnEO sum 
(Σ n=0-20) 

AS  40%     

NP AS  -82%     

Zurich-Glatt WWTP, Switzerland         Ahel  et al. (1994) (Mole /day basis) 
NPnEO sum 
(Σ n=0-20) 

AS-NR 25% † 35% †    AAD 

NP3-20EO AS-NR 0% † 88% †    AAD 
NP1,2EO AS-NR 1% † 40% †    AAD 
NP1,2EC AS-NR 0% † -300% †    AAD 
NP AS-NR 24% † -659% †    AAD 
E3 is Estriol;  E2 is 17β-estradiol;  E1 is estrone; EE2 is 17α-ethinyl estradiol; E2+E1 are the combined measured amounts of E2 and 
E1; YES is the total E2 equivalent estrogenic activity as measured by the Yeast Estrogen Screen (YES) bioassay; 
E-Screen is the total E2 equivalent estrogenic activity as measured by the Estrogen Screen (E-Screen) bioassay 
NP is nonylphenol; NPnEO (n=0-20) are nonylphenol polyethoxylates with the ethoxylate chains (n) ranging from 0 to 20.   
NPnEC are nonylphenol  ethoxycarboxylates with n=number of ethoxycarboxylate groups.  
AS is Activated Sludge; DNR. is Denitrification Reactor; NR is Nitrification Reactor; TF is Trickling Filter; SBR is Sequential Batch 
Reactor; AD is Aerobic Digester; AAD is Anaerobic Digester;   
TAD is Thermophilic Anaerobic Digester; MAD is Mesophilic Anaerobic Digester  
†  %  molar reductions are calculated from Primary Clarifier Effluent, Final Effluent and Digested Sludge 
‡ % dry weight mg/kg concentration reductions only  
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Table 3c:  Fates of Estrogenic Compounds/Activity During Bench / Pilot-Scale 
Wastewater Treatment Studies  

Mass Balance Results:  % Reduction in  
mass fluxes through the specified unit 

operation 

 
EDC 

 

Percent 
Reduction  

(from 
Influent  
to Final 
Effluent)  

Percent 
Reduction  

(from Primary 
Clarifier 

Effluent to 
Final Effluent) 

 
Biological 
Treatment 

Type Mass Balance 
around Plant 

Nitrification/ 
Activated 
Sludge 

Digester 

 
Digester 

Type 

Mineralization of EDCs in aerobic WAS batch experiments  from four WWTPs  Layton et al.  (2000) 
E2     74%   

EE2     20%   
Pilot plant with 3-stage activated sludge, aerobic digester and recycle of digester effluent    Esperanza et al. (2004, 2007).  
Percent reduction from Primary Clarifier Effluent to Final Effluent are 2004 study; All other unit operation % reductions are 
from 2007 study. 

E3 
 

82% -20%  AS  80%  AD 

E2 99% 94% AS 99% 99% 90% AD 
E1 82% 52% AS 80% 83% 69% AD 

EE2 42% 50% AS 40% 43% 88% AD 
NPnEO total  96% AS    AD 

NPnEO 
(n>4) 

 99% AS    AD 

NP3EO  6% AS    AD 
NP2EO  -52% AS    AD 
NP1EO  69% AS    AD 

NP  91% AS    AD 
Pilot plant with 3-stage activated sludge, anaerobic digester, and recycle of digester effluent.  Esperanza et al.  (2004, 2007).  
Percent reduction from Primary Clarifier Effluent to Final Effluent are 2004 study; All other unit operation % reductions are 
from 2007 study. 

E3 82% 65% AS  78-79% 
 

 AAD 

E2 100% 100% AS 98% 99% 77% AAD 
E1 82% 58% AS 78% 83% 60% AAD 

EE2 42% 75% AS 32% 43% 68% AAD 
total NPnEO  96% AS    AAD 

NPnEO 
(n>4) 

 98% AS    AAD 

NP3EO  -79% AS    AAD 
NP2EO  -28% AS    AAD 
NP1EO  75% AS    AAD 

NP  94% AS    AAD 
Bench-scale anaerobic digester   Miniamiyama et al.  (2006) 
NP1EO→NP      40% AAD 
NP1EC→NP      100% AAD 
NP2EC→NP      0% AAD 
 
Bench-scale  aerobic and anaerobic digesters.  Hernandez-Raquet et al. (2007)   
NP      0.4% AAD 
NP      100% AD 
NP1EO      3.8% AAD 
NP1EO      100% AD 
NP2EO      2.6% AAD 
NP2EO      100% AD 
MELN       -5% AAD 
MELN       90% AD 
WWTP is wastewater  treatment plant; ND is non-detect (or below detection level);  E3 is Estriol;  E2 is 17β-estradiol;  E1 is estrone; 
EE2 is 17α-ethinyl estradiol; E2+E1 are the combined measured amounts of E2 and E1; YES is the total E2 equivalent estrogenic 
activity as measured by the Yeast Estrogen Screen (YES) bioassay; E-Screen is the total E2 equivalent estrogenic activity as measured 
by the Estrogen Screen (E-Screen) bioassay; NP is nonylphenol; NPnEO (n=0-20) are nonylphenol polyethoxylates with the 
ethoxylate chains (n) ranging from 0 to 20.  NPnEC are nonylphenol  ethoxycarboxylates with n=number of ethoxycarboxylate 
groups. NP1EO→NP is transformation; AS is Activated Sludge; DNR. is Denitrification Reactor; NR is Nitrification Reactor; TF is 
Trickling Filter; SBR is Sequential Batch Reactor; AD is Aerobic Digester; AAD is Anaerobic Digester; TAD is Thermophilic 
Anaerobic Digester; MAD is Mesophilic  Anaerobic Digester ; MELN is a human breast cancer bioassay with an estrogen responsive 
luciferase reporter gene  (Balaguer et al. 1999).
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Abstract 

Large quantities of polybrominated diphenyl ethers (PBDEs) have been used as flame 

retardants in clothing and plastic products since the 1970s. A small fraction of the PBDEs 

in manufactured products subsequently enters municipal wastewater. Nevertheless, the 

resistance of these compounds to chemical and biochemical transformations provides 

opportunities for accumulation in sediments that are in contact with wastewater effluent, 

and agricultural soils that are amended with biosolids derived from wastewater treatment. 

Balances developed for PBDE congeners indicate that conventional wastewater treatment 
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processes and soil infiltration of treated wastewater in recharge operations do not 

discriminate significantly among the major congeners in commercially available PBDE 

products. Accumulation of PBDEs at near part-per-million levels was measured in the 

surface sediments at the Sweetwater Recharge Facility in Tucson, Arizona, during 10-15 

years of operation. Half times for loss of major PBDE congeners from sediments were 

decades or longer. Local agricultural soils amended with biosolids over a 20-year period 

showed similar accumulation of PBDEs. The widespread use of PBDEs in commercial 

products, compound persistence and toxicity indicate that additional effort is warranted to 

better understand fate-determining processes for PBDEs in the environment. 

 

Introduction 

Polybrominated diphenyl ethers (PBDEs) are additive flame retardants that were widely 

used in the manufacture of products containing synthetic polymers such as plastics, 

polyurethane foams and clothing materials. Normal physical degradation of such 

materials yields PBDEs associated with relatively small particles and organic matter, 

some of which inevitably find their way into municipal wastewater collection systems.  

The scale of PBDE manufacture and use, observations related to their toxicity and the 

resistance of these compounds to degradation motivated recent steps designed to reduce 

human exposures through prohibitions on PBDE manufacture and use.   

 Polybrominated diphenyl ethers were manufactured and distributed primarily as 

three commercial products, Penta-BDE, Octa-BDE and Deca-BDE, each of which is 

comprised of a suite of congeners (Table 1).  Manufacturing data for 2001 are provided in 
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Table 2. Production of the Penta- and Octa-BDE products in the U.S. was discontinued in 

2004 following recognition of PBDE-related health implications.   

As a class, PBDEs consist of 209 congeners that are distinguishable based on 

degree and distribution of bromine substitution (Table 3).  The composition and use 

pattern of the commercial PBDE products make it possible to anticipate the identities of 

congeners that will reappear in municipal wastewater and in various environmental 

compartments.  Deca-BDE consists almost entirely of BDE-209, the fully halogenated 

congener (Table 1).  Since use of Octa-BDE in the United States is small compared to the 

other commercial products, the environmental fates of primary congeners in Penta-BDE 

and BDE-209 are of greatest practical interest.  Despite the waning demand for PBDEs as 

fire retardants (only Deca-BDE remains in production) and outright ban on products 

containing PBDEs in much of Europe, the mass of PBDEs in durable goods that have 

already been produced and sold, and their resistance to degradation ensure that these 

chemicals will be found in virtually every environmental compartment for the foreseeable 

future. A brief calculation is illustrative. 

The estimated demand for PBDEs in North and South America in 2001 was about 

33,100 MT (Table 2).  Thus, conservatively, U.S. demand was of the order of 25,000 

MT. Measured concentrations in municipal wastewater are of the order of 400 ng/L (total 

PBDEs; see below). If the entire U.S. population produced 400 liters per capita per day of 

wastewater containing 400 ng/L of PBDE, the total mass in wastewater would account 

for less that 20 MTs of PBDEs per year, or < 0.08% of the national demand for PBDEs in 

2001. Clearly, fluxes in municipal wastewater are insignificant relative to the mass of 
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PBDEs that has been manufactured and sold commercially.  The breakdown of products 

containing PBDEs will surely pose problems for the solid waste industry since landfills 

are the eventual sink for the majority of materials containing flame retardants. 

Preliminary evidence suggests that PBDEs will readily leach from municipal landfills.8,9 

Nevertheless, the accumulation of PBDEs on sewage sludges and sediments in contact 

with large volumes of wastewater provides opportunities for persistent contaminants to 

accumulate to significant concentrations in soils amended with biosolids, sediments of 

infiltration basins and so forth. 

 There is a growing body of data relating PBDEs to human and environmental 

health. Doses of PBDEs as low as 0.4 mg/kg during critical developmental stages led to 

learning and memory deficiencies among exposed mice,10-12 while doses of 1 mg/kg 

sustained for several days showed distinct evidence of bioaccumulation in the liver.13 

Test results were similar to those derived from exposure to polychlorinated biphenyls.14,15 

Although the mechanisms of developmental neurotoxicity in mice are speculative, there 

is evidence that PBDEs produce potentially significant changes in thyroid homeostasis.16-

18 The supposed mechanism involves depression of blood serum levels of T4, through 

either enhanced conjugation/excretion or interference with T4 transport on transthyretin 

(TTR) during fetal development.  Other endocrine-related effects have been suggested by 

both in vitro and animal studies.19-21 In at least one study, estrogenic effects were derived 

from hydroxy-PBDEs rather than PBDEs themselves, suggesting that metabolic 

conversions to more toxic intermediates are a concern. 
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 Due to greater bioavailability, the toxicities of lower halogenated PBDE isomers 

are greater than the toxicities of heavily brominated congeners.2 The lack of apparent 

toxicity of BDE-209 among vertebrates is due at least in part to poor oral adsorption, 

which may be no more than 10% of the dose.22,23 Conversely BDE-99 was readily 

absorbed by rats (> 50%),24 and BDE-47 was well absorbed in mouse, rat and fish 

studies.25-27 A recent study found that Deca-BDE induces apoptosis in human hepatoma 

cells (HepG2).28 Lowest observed effects levels of the three commercial mixtures and 

several PBDE congeners are summarized in Table 4. 

Human, non-occupational exposure to PBDEs occurs primarily through the 

diet.33,34 A second important exposure route involves inhalation of air containing PBDE-

laden dust.35 In a specific study,34 indoor PBDE levels were two orders of magnitude 

greater than outdoor air concentrations, and office concentrations were an order of 

magnitude higher than PBDEs in homes. Measured levels of PBDEs reported have been 

particularly high in computer laboratories and computer-recycling facilities.36 

Nevertheless, it was estimated that > 90% of adult daily intake of PBDEs in the United 

Kingdom came from the diet. Breast fed infants (0-6 months) derived 92% of their 

cumulative PBDE exposure from breast milk.31 Household dust was the main source of 

exposure among infants who were not breast fed. Dietary exposure among adults is 

primarily to Penta-BDEs in oils, fats, fish, shellfish, meat and eggs.37 Occupational 

exposure can be significant, as indicated by comparison of blood levels of PBDEs in 

electronics dismantlers, computer technicians, rubber workers and hospital cleaners.  

Furthermore, there are significant geographic differences in human exposure and, 
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consequently, tissue levels of PBDEs.38 The rapid increase in PBDE concentrations in 

human breast milk among Swedish women before 1998 (Figure 1) is overshadowed by 

PBDE measurements in breast milk samples derived from North American women.40 The 

differences presumably reflect differences in global PBDE use patterns. Levels of PBDEs 

in human tissue samples in the United States are similar to or greater than contemporary 

levels of PCBs, although blood levels of PCBs showed a steady decrease in the period 

1985-2002, while PBDE levels increased in the same sampling period.41 Several studies 

indicate that PBDE tissue levels in humans are not correlated with age except in 

infants.33,42 These findings suggest that PBDEs do not bioaccumulate indefinitely, but 

achieve steady levels based on continuous exposure and metabolism. The decline in 

PBDE levels in Swedish mothers’ milk after 1997 (Figure 1) was presumably related to 

adoption of constraints on PBDE use in manufactured products. 

 The resistances of PBDEs to biochemical transformation are congener specific.  

Low- and medium-brominated congeners have half lives on the order of years to tens of 

years in humans.43 However, blood serum concentrations of BDE-209 decreased by two-

thirds among exposed workers during a 30-day vacation period,44 suggesting that more 

heavily halogenated PBDEs are degraded or eliminated much faster. In controlled 

experiments, rats (t1/2 = 2.4 days) and seals (t1/2 = 8-13 days) were also capable of 

transforming or eliminating BDE-209 rapidly.45,46 By following the trajectories of BDE-

183 to –209 in blood sera from occupationally exposed workers on vacation, Thuresson 

et al.38 found that the apparent half-life of BDE-209 was as short as 15 days among those 

sampled. For the three Nona-BDEs measured, half-life estimates were longer (BDE-206, 
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18 days; BDE-207, 39 days; BDE-208, 28 days).  Four Octa-BDE isomers provided half-

life estimates of 37-91 days, and BDE-183 had a half-life of 94 days. The data strengthen 

the idea that clearance rates vary directly with degree of halogenation. The relationship 

may be based on the susceptibility of the heavily brominated cogeners to reductive 

transformations.47-50 

 Transformation rates of PBDEs during wastewater treatment may also be 

congener specific. The predominant congeners in Penta-BDE (BDE-47, -99, -100 -153 

and -154) are also those most commonly measured in sludges derived from municipal 

wastewater treatment as well as in wildlife and humans. Resistance to biochemical 

transformation probably contributes to such observations, just as stability considerations 

may direct the preferential synthesis of this suite of congeners during manufacturing 

processes. There is evidence that PBDEs are not substantially degraded in common 

wastewater treatment processes.51 

 In this work, we summarize the levels of specific PBDE congeners in municipal 

wastewater, municipal wastewater effluent, sludges derived from wastewater treatment, 

sediments exposed to PBDEs during effluent infiltration for aquifer recharge, and 

agricultural soils amended with biosolids. Data bear on the fates of PBDEs during 

conventional wastewater treatment processes and following the disposal of wastewater 

treatment products (effluent and biosolids) in the environment. Congener ratios are 

compared in wastewater and environmental samples to determine the degree to which 

physical and/or biochemical processes discriminate among congeners during wastewater 

treatment and effluent/biosolids disposal. Comparison of PBDEs in soils/sediments with 
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estimated application rates supports tentative conclusions regarding the longevity of 

PBDEs in environmental compartments. 

 

Methods 

General. Congener-specific PBDE concentrations were measured in influent and effluent 

samples from two major wastewater treatment facilities in Tucson, Arizona. The same 

suite of congeners was measured before and after mesophilic anaerobic digestion at one 

of the facilities. The attenuation of residual PBDEs during infiltration of secondary 

effluent through surface sediments and the persistence of compounds removed via 

adsorption were investigated via direct measurement of PBDEs in infiltrate and the 

accumulated chemical mass on infiltration basin sediments.  The persistence of PBDEs in 

biosolids amended to agricultural soils was examined by comparing the estimated 

cumulative PBDE load to the extractable masses of specific congeners in depth-

dependent soil samples.  In addition to mass balances, congener-dependent fate scenarios 

were investigated by comparing congener ratios in Penta-BDE, wastewater samples, 

sludges, basin sediments and agricultural soils. 

Study facilities.  The Roger Road Wastewater Treatment Plant (RRWWTP) in 

Tucson is a 40 MGD conventional treatment facility. Biological treatment is provided in 

biotowers.  Secondary effluent is chlorinated/dechlorinated prior to discharge to the Santa 

Cruz River, an effluent-dependent stream in Tucson, Arizona. About 6500 acre feet of 

RRWWTP effluent is infiltrated at the Sweetwater Recharge Facility (SRF) for local 

aquifer replenishment (Figure 2). Infiltrate is recovered seasonally and used for landscape 
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irrigation. In all there are eight infiltration basins with a combined area of ~ 30 acres, so 

that the average infiltration rate is about 0.60 feet per day. Infiltration basins 1-4 were 

made operational in 1989. Basins 5-8 were constructed in 1997. Periodically, the basins 

are mechanically ripped to a depth of several feet to restore hydraulic capacity. The 

extent to which soil stratification is upset during ripping is not known. 

 Samples for measurement of PBDEs at the RRWWTP consisted of primary 

effluent, unchlorinated secondary effluent and combined (thickened, undigested) sludge.  

All samples were grab samples. Primary influent samples (2) and effluent samples (4) 

were collected in winter 2006-2007. Contemporary sludge samples (2) were taken before 

digestion. Sampling points were selected to support balances for individual PBDE 

congeners through the primary and secondary treatment processes.   

Comparisons of PBDE levels in secondary effluent with extractable PBDEs in 

SRB sediments were used to reach order-one conclusions regarding the fates of residual 

PBDEs in effluent used for groundwater replenishment. Samples taken at the SRF 

recharge basins RB-1 and RB-8 (Figure 2) were from the top meter of basin sediments 

and infiltrate at depths of 15 and 130 ft. Sediment samples were collected from RB-1 in 

July 2006 and from RB-8 in September 2006. Individual samples were taken at 5-10 cm 

increments to depths of 1 m (RB-1) and 1.2 m (RB-8). Infiltrate was obtained on two 

occasions from MW-5, a 15-ft monitoring well that collects perched water below RB-1, 

during winter 2006-2007. Monitoring well WR-199A takes water from the unconfined 

regional aquifer at about 130 ft below land surface but generally produces 100% 

reclaimed infiltrate.  WR-199A was also sampled during winter 2006-07. 
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The Ina Road Water Quality Control Facility (IRWQCF) is a 25 MGD pure 

oxygen secondary treatment plant.  The facility provides central dewatering for sludges 

digested both on site and at the RRWWTP.  All biosolids so produced are disposed of via 

land application.   

The University of Arizona Marana Agricultural Center (UAMAC) in Marana, 

Arizona, served as the field site for application of biosolids to agricultural soil. A portion 

of the facility contained plots that differed based on long-term biosolids application rates.  

These were designated 0X (control—no biosolids application), 1X and 3X.  The 1X plots 

received biosolids at an annual rate that translated to 50 additional lbs of available 

nitrogen per acre each year. The rate of biosolids addition to 3X plots was three times as 

high (150 lbs of nitrogen per year per year). Biosolids were injected as a slurry into soil 

about 8 in below the surface using an injection shank. Short staple cotton was grown on 

site. 

Sample preparation. Satisfaction of experimental objectives depended on 

measurement of PBDE congeners in chemically complex environmental samples 

including wastewater, sludges and agricultural soils. Analyte hydrophobicity suggests 

that PBDEs are strongly associated with organic-rich solids, so that aggressive extraction 

is a precondition to analysis.  It was anticipated that suspended solids in raw wastewater 

would account for a significant fraction of the influent hydrophobic organic contaminants 

to municipal wastewater treatment plants,52 and that extraction of PBDEs from influent 

solids would be challenging.  There were significant differences in general procedures for 

separating analytes from solid versus predominantly aqueous samples.   
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Measurement of PBDEs in wastewater involved the following generalized steps.  

Sample volumes of 1-4 L were subjected to a liquid-liquid extraction procedure using 

hexane as the exchange solvent. A volume of hexane equal to 10%-20% of the sample 

volume was added, and the mixture was agitated at room temperature for 24 hours. The 

hexane phase was removed and the procedure was repeated. Preliminary experiments 

indicated that two extraction cycles produced > 95% extraction efficiencies for spiked 

PBDEs (all major congeners). 

 Solid samples (sludges and solids) were dried for 24 hours at 50-60°C prior to 

extraction using either microwave assisted extraction (MAE) or accelerated solvent 

extraction (ASE). Dried samples were ground using a mortar and pestle for extraction of 

1-2 g dry weight (sludges) or 20-30 g (soils and sediments). The extraction solvent 

consisted of a 1:1 (v/v) mixture of hexane and acetone for both MAE and ASE.  

Microwave assisted extractions were performed at 25 psig for 120 minutes using a CED 

MDS 2100 instrument. The solvent-to-soils ratio was on the order of 10 mL per dry g. 

Accelerated solvent extractions were performed at 150° C and 1500 psig. Three 5-hour 

static extraction cycles were each followed by a 2-minute N2(g) purge. Liquid extracts (3 

per sample) were combined prior to subsequent processing and PBDE analysis.  Extracts 

were evaporated to 5 mL under a N2(g) stream at 60°C, whereupon 5 mL of hexane were 

added, and samples were again evaporated to 5 mL.  

 Treatment of solvents, reagents, glassware, and other sample processing hardware 

followed EPA Draft Method 1614 in order to reduce interferences and contamination.  

Reduced sulfur was eliminated using EPA Draft Method 3660b. One mL of tetra-n-butyl 
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ammonium hydrogen sulfate and 2 mL of n-isopropanol were added and vortexed for 1 

minute to precipitate reduced sulfur. If no precipitate was evident, increments of 0.01 g of 

crystalline sodium sulfite (Na2SO3) were added to produce one. Five mL of Milli-Q water 

was added, and the mixture was vortexed for 1-2 minutes. After standing more than 10 

minutes, the aqueous phase was discarded. One mL of 8 N H2SO4 was added to the 

hexane extract and vortexed for 1 minute to remove organic interferences, per EPA Draft 

Method 3665a. After five minutes, the acid phase was removed and discarded yielding ~ 

4 mL of organic solvent containing PBDEs and other non-hydrolysable organics. Florisil 

clean-up procedures followed EPA Draft Methods 1613 and 3620b. The extract was 

passed through a cylindrical glass column containing florisil, and then eluted with 180 

mL of hexane. Extracts were then evaporated to 1 mL under a nitrogen gas stream and 

transferred to GC vials for analysis. The effect of sample clean-up on chromatogram 

quality is illustrated in Figure 3. 

 Analytical.  PBDEs were analyzed on a Hewlett Packard 5890 Series II Plus gas 

chromatograph with electron capture detector run using one of two different columns and 

protocols. A 30 m DB-1 column (0.25 mm I and 0.25 µm film thickness) was utilized 

with injector and detector temperatures of 300 and 320°C.  Oven temperature was ramped 

from 80-250°C at 5°C/min, and 250-315°C at 3°C/min. Injection volume was 2 µL. The 

carrier gas was He (2 mL/minute), and N2 was the auxiliary gas.  A 5 m DB-5, 0.25 mm 

ID column was also used with oven temperature ramps of 100-250°C at 6°C/min and 

250-320°C at 7°C/min, then held constant for 5 min. Congener dependent quantification 

limits ranged from 0.1 (soil) – 1.0 (sludge) µg/kg for solid samples and 1-2 ng/L for 
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water samples (influent and effluent).  Standard curves were prepared using BDE-CSM 

(Accustandard) containing known concentrations of BDE-28, -47, -99, -100, -153, -154, -

183 and -209.  Typical chromatograms for the 200 ppb standard and sludge extracts are 

provided in Figure 4. 

 

Results 

RRWWTP balances.  The mean concentrations of major PBDE congeners in RRWWTP 

influent and effluent (Figure 5) indicate that heavily brominated congeners were more 

successfully removed from the aqueous stream during secondary treatment. By far, the 

greatest removal efficiency was for BDE-209. However, when PBDEs in undigested 

solids (Figure 5) were included, mass balances (not shown) indicated that all congeners 

except BDE-209 experienced a net increase in mass during treatment.  It is likely that the 

liquid-liquid extraction method used to initiate measurement of influent PBDEs was 

inadequate for extraction of influent field samples that contained high levels of suspended 

solids. There was also significant day-to-day variation in both influent and effluent 

samples, although, when extractions were performed in duplicate, results were consistent 

(data not shown).  The extraction method was replaced with a more aggressive series of 

extraction steps in later experiments. 

 The congener BDE-209 had the highest average concentration in RRWWTP 

influent and thickened sludge. Since five of the other six congeners measured presumably 

originated in Penta-BDE, concentration ratios among individual congeners in plant 

influent, effluent and sludge were compared to congener ratios in the Penta-BDE product 
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to test hypotheses related to differential (congener-specific) sorting or transformation 

during wastewater treatment. Because BDE-99 was present at a suitably high 

concentration in all samples, comparisons were based on the concentrations of individual 

congeners that were normalized to that of BDE-99. Congener mass ratios were similar in 

plant influent, effluent, undigested sludge and the commercial Penta product (Table 5), 

suggesting that processes governing the physical-chemical breakdown of Penta-

containing products and PBDE collection, transport and separation or transformation 

during wastewater treatment do not strongly differentiate among BDE-47, -99, -100, -153 

and -154.  Sludges accounted for 84% of the total PBDE efflux after secondary treatment 

processes at RRWWTP.  However, the potential for biochemical transformation of 

PBDEs during anaerobic sludge digestion must be considered (see below) in order to 

compare PBDE masses entering the environment with effluent and biosolids. 

 PBDE fate during infiltration.  Comparison of the cumulative mass of PBDEs in 

RRWWTP effluent that was recharged at the Sweetwater Recharge Facility (SRF, Figure 

2) to masses of individual congeners on infiltration basin soils was the basis of hypothesis 

testing relative to the fates of residual PBDEs during the infiltration of treated wastewater 

for groundwater replenishment. The total extractable PBDE mass declined sharply with 

depth throughout the top 25 cm of sediments (Figure 6). Congeners BDE-47, -99 and –

209, the primary contributors to total PBDEs, each decreased rapidly over that interval.  

Results suggest that all major PBDE congeners are rapidly removed by physical 

processes on infiltration basin sediments. There was little inter-basin difference in the 

contaminant profiles through the top meter of sediments, although RB-1 is eight years 
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older than RB-8. Together, BDE-47, -99 and -209 accounted for 88% of the total 

extractable mass in the top 25 cm of sediments from RB-1 and 86% of the extractable 

mass in the top 10 cm of RB-8 (Table 6). The highest concentrations measured were on 

the order of 100 ng BDE/g (BDE-47 and –99) in the top few centimeters of sediment.  

Ratios among the primary Penta-BDE congeners (BDE-47, -99, -100, -153 and –154) 

were again similar to those in the product itself (Table 2). The ratio of extractable BDE-

209 to BDE-99, varied considerably over the depth analyzed, and profiles in the 

normalized BDE-209 data in the two basins were also dissimilar. 

 In order to compare the masses of PBDEs on infiltration basin sediments to the 

cumulative mass in infiltrated wastewater effluent, it was assumed that infiltration rates 

averaged 0.6 ft per day and that effluent flow rates in Table 5 adequately represent the 

average concentrations of individual congeners over the lives of the basins. The masses 

of PBDEs in each basin were numerically integrated over the top 1.0-1.2 meters, and the 

extractable mass present was compared to the mass applied with the infiltrate. Results 

were used to test hypotheses related to the fate of PBDEs in water that is infiltrated for 

groundwater replenishment. The exercise was carried out for BDE-47, -99 and –209, the 

congeners present at the highest concentrations.  Fractional recoveries from the top meter 

of RB-1 were 0.26 (BDE-47), 0.61 (BDE-99) and 0.61 (BDE-209). In RB-8, recoveries 

in sediment extracts exceeded the cumulative PBDE mass applied in wastewater effluent.  

Fractional recoveries were 1.86 (BDE-47), 1.62 (BDE-99) and 1.77 (BDE-209).  

Potential weaknesses of the approach are related uncertainties in assumptions related to 

historic PBDE levels in RRWWTP effluent and volume of infiltrate. Despite the 
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shortcomings, the analysis indicates that the majority of PBDEs in wastewater effluent 

are removed in the first few feet of sediment. These results suggest that PBDEs are 

persistent on infiltration basin sediments, with half lives of tens of years or longer.  

Infiltration basin sediments at the SRF typically cycle between anoxic and aerobic 

conditions during alternating periods of water application and sediment desiccation for 

restoration of hydraulic capacity.53  Although cyclical redox conditions should encourage 

microbial breakdown of a wide range of sorbed contaminants, biodegradation of PBDEs 

in basin sediments was at best slow. 

 In at least the top 15 cm of sediments, which dominate PBDE removals, the ratios 

of congeners BDE-47, -99 and -100, -153, and -154 are similar to those found in the 

Penta-BDE product. BDE-47, which was occasionally present at unexpectedly high 

concentrations, may prove exceptional in this regard.  An unusual degree of recalcitrance 

would account for such results. 

 Perched water taken from MW-5 at a depth of about 5 m contained measurable 

concentrations of BDE-47, -99, -100, -153, -154 and -209.  In one sample, the BDE-209 

concentration exceeded 11 ng/L, which is close to the average BDE-209 concentration in 

the four effluent samples taken at RRWWTP. Except for BDE-100, which was present at 

an unexpectedly high concentration, ratios of congener concentrations were again similar 

to those in Penta-BDE (Table 7). Finally, in light of the apparent retention of PBDEs on 

surface sediments, the lone sample from WR-199A at 130 feet BLS contained 

surprisingly high concentrations of PBDEs:  BDE-209 exceeded 2 ng/L at the top of the 
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unconfined aquifer. The mechanism of PBDE transport to ground water deserves 

additional attention. 

 Fate during anaerobic digestion.  Primary sludge, waste activated sludge and 

digested sludge were obtained from the IRWQCF every few days (n = 18) over a month-

long period during 2006. Samples were dewatered and analyzed for extractable PBDEs in 

order to establish congener-dependent fates or degradability during mesophilic anaerobic 

digestion.  The concentrations of total solids and sludge flows at IRWQCF were obtained 

from operational records and used to produce balances on individual congeners.  

Representative data (cumulative flow rates of BDE-47, -99 and -209) indicate that 17 to 

37% of all congeners were removed during sludge digestion (Table 8, Figure 7). The 

overall removal efficiency was 25%.  At least a part of the apparent loss, however, was a 

consequence of a 12% difference in sludge flow measurements across plant digester 

units, a probable artifact, during the period of study. After adjusting for flow, missing 

PBDE mass across the digester was only 15% of total PBDE mass.  BDE-47, -99 and -

209 accounted for 89-90% of the measured PBDE mass in raw and digested sludges, and 

BDE-209 alone represented 38% (raw sludge) and 36% (digested sludge) of the total 

PBDE mass. The cumulative mass fluxes, fractional removals and a summary of 

congener-specific sources (primary versus waste activated sludge) are provided in Table 

8. The contribution of waste activated sludge to PBDE loading in the digesters was 

always greater than that of primary sludge although differences decreased among the 

most heavily halogenated congeners. 
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 PBDEs in biosolids and soils amended with biosolids.  Profiles of the primary 

Penta-BDE congeners in the top foot of UAMAC agricultural soils (Figure 8) indicate 

that BDE-47 and -99 were the dominant congeners present and that, although PBDEs 

were present throughout the depth interval, the highest concentrations were at 2-8 inches 

depth. The position of maximum concentration corresponded to the depth of biosolids 

injection, unaffected by PBDE transport or attenuation mechanisms. Depth-dependent 

data for the 0X, 1X and 3X plots indicate that nominal biosolids application rates were 

relatively poor indicators of PBDE concentrations in soils. That is, the control plot 

contained surprisingly high concentrations of major Penta-BDE congeners, and 

concentrations in the 1X and 3X plots were similar. There is no ready explanation for 

this.  Contaminant transport could have occurred during infrequent, strong rainfall events, 

and, in fact, soil transport with runoff during periods of heavy rain was observed (data 

not shown). Other transport mechanisms are more difficult to envision. It is possible; 

however, that operator error or indifference over the 20-year period of sludge application 

at UAMAC was responsible. 

 The highest concentrations of individual congeners were on the order of 100 ng/g 

dry soil (BDE-47 and -99 in the 3X profile from July 2005). These concentrations are 

similar to the highest sediment levels at the SRF. Not surprisingly, PBDE concentrations 

in digested, dewatered sludge at IRWQCF were frequently more than an order of 

magnitude higher. Comparison of the nominal rates of biosolids addition to the 1X and 

3X plots with the measured PBDE profiles provides a crude balance on PBDEs at the 

field site and insight relative to the long-term fate of PBDEs in land-applied biosolids.  
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Balances were undertaken for BDE-47 and -99 only since the relatively high 

concentrations of these congeners in the UAMAC soils were comfortably within the 

range of the analytical methods employed. The 1X plot nominally received 0.366 kg of 

dry sludge per square meter per year.  If all the PBDEs were retained in the top foot of 

soil, the consequent increment to BDE-47 concentration throughout that depth interval 

would average 0.70 ng/g per year (based on a BDE-concentration of 0.806 mg/kg in 

digested sludge and a dry bulk soil density of 1.38 g/cm3). At an average concentration of 

1.95 mg/kg in digested sludge, the annual increment to the average BDE-99 

concentration at the 1X application rate would be 1.7 ng/g (5.1 ng/g for the 3X plot).  By 

averaging the concentrations of BDE-47 and BDE-99 over the soil profiles at UAMAC 

(Figure 8) it was possible to calculate periods of application necessary to accumulate the 

PBDE masses present in the 1X and 3X plots.  The exercise was based on an assumption 

that BDE-47 and -99 are conserved. Results indicate that from 5-80 years of sludge 

application would be necessary to accumulate congeners to the concentrations measured 

in UAMAC soils. The highest values are a consequence of the high levels of BDE-47 

measured in the 1X plot in both the July and November sampling periods. Other 

calculated periods were from 5-22 years. Results suggest that both BDE-47 and -99 are 

persistent in agricultural soils despite the level of microbial activity that is expected 

following the addition of biosolids.  Minimum half times for congener disappearance are 

on the order of decades or longer. 

 



   
   
                                                                                                                                             

 

324 

Discussion 

Measurements through the RRWWTP do not support a mass balance on PBDEs, 

probably because the extraction procedure utilized was not aggressive enough to rescue 

PBDEs from suspended solids in the influent samples. Nevertheless, congener ratios were 

similar in the Penta-BDE product, RRWWTP influent, effluent and combined 

(undigested) sludges.  Results suggest that physicochemical and biochemical processes 

affecting PBDE (i) liberation from commercial products, (ii) collection/conveyance in 

municipal wastewater and (iii) transformation during conventional wastewater treatment 

do not discriminate significantly among the five primary Penta-BDE congeners. 

Congener BDE-209 was a major component of total PBDEs in all samples, but its 

concentration was largely uncoupled from those of the Penta-BDE congeners, perhaps 

due to differences in use patterns and/or different fates during product breakdown and 

wastewater collection/treatment. It seems likely, for example, that the hydrophobic nature 

of BDE-209 results in stronger partitioning on organic-rich solids in wastewater and more 

efficient removal during primary sedimentation, compared to less halogenated congeners. 

 In a detailed effort to track PBDEs during wastewater treatment, Rayne and 

Ikonomou51 found that total PBDEs were conserved across a tertiary treatment plant.  

Their effort was limited to a single set of grab samples timed to take aqueous and solid 

material from essentially the same batch of fluid or solid sequentially, as it progressed 

through the plant. Mass balances were not presented for individual congeners, even 

though the necessary data were available. Total PBDEs were completely (113%) 

recovered across the plant.  Ninety-four percent of the PBDEs that left the plant were in 
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the solids stream.  Interconversion of PBDE congeners, which might be expected during 

anaerobic processes, was not precluded in the study, and, in fact, BDE-209 comprised a 

diminishing fraction of total PBDEs as material passed through the plant (>0.5 in the 

plant influent versus 0.3 in anaerobically digested sludge and 0.20-0.25 in plant effluent).  

Measurements across the anaerobic digester, however, did not show that reductive 

dehalogenation of BDE-209 was a primary mechanism for selective congener loss.  

These results are similar and based on numerous samples collected over a month-long 

period. Congener BDE-209 was transformed no more efficiently than less halogenated 

congeners during digestion, as evidenced by comparison of congener-specific mass flow 

rates in digester influent and effluent samples at IRWQCF. All congeners were conserved 

or, at best, transformed slowly at rates that were essentially independent of degree of 

halogenation. Reaction intermediates from reductive transformation pathways were not 

evident. 

 The potential mechanisms for PBDE accumulation in the environment include: (i) 

separation of PBDEs from wastewater effluent on sediments, particularly during 

infiltration, and (ii) disposal of biosolids as soil amendments. Soil-aquifer treatment 

(SAT), which is carried out for aquifer recharge throughout the semiarid southwestern 

United States, provides an opportunity for accumulation of recalcitrant contaminants on 

sediments. A convincing mass balance on PBDEs at the SRF was not possible because 

there is no history of PBDE measurements in RRWWTP effluent.  Despite the ambitious 

assumptions employed here, however, it seems certain that half times for PBDE 

transformations on infiltration basin sediments are long: of the order of decades or more.  
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The majority of PBDEs in conventionally treated wastewater was removed in the top 10 

cm of infiltration basin sediments, again with no major congener-specific discrimination 

among the major Penta-product congeners. Despite the greater length of service of RB-1, 

RB-1 and RB-8 presented similar profiles for extractable PBDEs, suggesting that PBDEs 

do not accumulate indefinitely. A few inter-basin differences in the distribution of mass 

among PBDE congeners cannot be explained. For example, the ratio of major congeners 

BDE-47 and BDE-99 differed significantly in sediment profiles from RB-1 and RB-8.  

Despite their hydrophobicity and apparent tendency to separate on organic-rich, near-

surface sediments during SAT, PBDEs were measured in water samples taken from ~15 

ft and 130 ft beneath RB-1. These samples consisted entirely of infiltrate (wastewater 

effluent). The mechanism of contaminant transport to the unconfined regional aquifer, 

which remains to be established, could affect PBDE levels in ground water. 

 Since 85-95% of the PBDEs in wastewater are transferred to biosolids produced 

during wastewater treatment, their fate in agricultural soils amended with biosolids is of 

particular environmental interest. In the United States, about 60% of the biosolids 

produced in publicly owned treatment works is disposed of via land application, and in 

agricultural states like Arizona, the percentage is much higher. The mass balance on 

PBDEs in UAMAC soils is tentative at best since there is no long term record of organic 

contaminant concentrations in IRWQCF biosolids. Nevertheless, PBDEs extracted from 

the top foot of UAMAC soils probably account for the entire mass of PBDEs applied 

during the last 5-20 years. Periodic mixing has complicated efforts to investigate PBDE 

transport in agricultural soils, and there may be significant contributions to total PBDEs 
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in soil strata deeper than one foot. Neither limitation alters the principal result of the 

study, i.e. that all congeners accumulate in soils for decades. Opportunities for human 

exposure may arise (i) when soil particles become airborne, as is frequently observed in 

semi-arid agricultural areas; (ii) during infrequent periods of heavy rainfall and overland 

soil transport; and (iii) via the food chain when biosolids are used to fertilize the growth 

of animal fodder. The very long periods over which PBDEs and perhaps other trace 

organic contaminants in wastewater accumulate in the environment suggest that caution 

is warranted in the assessment of related impacts on human and environmental health. 
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Table 1. Composition of commercial PBDE products expressed as mass fractions 
normalized with respect to the total mass of the congeners reported, congeners with mass 

fractions lower than 0.03 have been neglected. Data from La Guardia et al.1 

 
 

Commercial Product Name Congener Composition in Product 

Penta-PBDE BDE-47 0.36 

 BDE-99 0.44 

 BDE-100 0.12 

 BDE-153 0.05 

 BDE-154 0.03 

Octa-PBDE BDE-153 0.09 

 BDE-175/183 0.42 

 BDE-196 0.11 

 BDE-197 0.22 

 BDE-203 0.04 

 BDE-207 0.11 

Deca-PBDE BDE-209 1 
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Table 2.  Annual PBDE regional demand and product-dependent congener distribution.  
(from Birnbaum and Staskal2). 

 
 

Regional Demand 
for 2001 

(Metric Ton) 

 
Penta-BDE 

 
Octa-BDE 

 
Deca-BDE 

 
Total 

Americas 
 
Europe 
 
Asia 
 
Rest of the World 

7100 
 

  150 
 

 150 
 

100 

1500 
 

610 
 

1500 
 

180 

24500 
 

  7600 
 

23000 
 

1050 

33100 
 

  8360 
 

24850 
 

1330 
Total 7500 3790 56150 67440 
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Table 3. Properties of PBDE congeners.a 

Congener Number of 
bromines 

Molecular 
Weight 

Log Kow
b Henry’s Constant c at 

25°°°°C (Pa m3/ mol)  
PBDE-28 3 406.9 5.94 5.10 

PBDE-47 4 468.6 6.81 1.50 

PBDE-99 5 627.4 7.32 0.23 

PBDE-100 5 627.4 7.24 0.07  

PBDE-153 6 690.5 7.90 0.07 

PBDE-154 6 690.5 7.82 0.24 

PBDE-183 7 716.0 8.27 0.73 

PBDE-209 10 943.1  6.27-9.97 d 0.02 e 

 

aThe 209 congeners of PBDEs are identified by a nomenclature system that follows the 
classification used for PCBs.3 They have the following structure 
 

 
bBraekevelt et al.4  
cTittlemier et al.5 
dEuropean Union6 

eWania and Dugani7
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Table 4.  Summary of toxicity data for PBDE commercial mixtures. 
 

PBDE 
Classification 

Congener/ 
Product 

 
Endpoint 

Exposure 
Period 

 

LOEL a 

mg/kg day 
 

Reference 

Tetra-BDE BDE-47 Development 
neurotoxicity 

1 day; 
postnatal 
10 (rat) 

0.8 Eriksson et al.10 

Penta-BDE 
 
 
 
 

Penta Product 
 
 
 
BDE-99 

T4 decrease 
 
 
 
Reproductive 
system 
impairment 

15 days; 
gestational 
6-20 (rat) 
 
1 day; 
gestational 
6 (rat) 

1.0  
 
 
 

0.06 

Zhou et al.18 

 
 
 
Kuriyama et al.29 

Octa-BDE Saytex 111 
(Commercial 
product) 
 
 
Octa Product 

Fetotoxicity 
 
 
 
 
Liver alteration 

13 days; 
gestational 
days 7-19 
(rat) 
 
28 days 
and 13 
weeks 
(rabbit) 

2-5 
 
 
 
 

10 

Darnerud et al.30 

 
 
 
 
Darnerud et al.;30 
Health Canada31 

Deca-BDE BDE-209 
 
 
 
 
Deca-BDE 
 
 
 
 
 
Deca-BDE 

Developmental 
neurobiology 
 
 
 
Thyroid 
activity; liver 
and kidney 
effects; fetal 
death 
 
Tumor 
Development 

1 day; 
postnatal 
day 3 
(mouse) 
 
30 days 
(rat) 
 
 
 
 
103 weeks 
(rat and 
mouse) 

20.1 
 
 
 
 

80 
 
 
 
 
 
 

1120 
3200 

Viberg et al.32  
 
 
 
Darnerud et al.30 
 
 
 
 
 
Darnerud et al.30 

 

 

a Lowest Observed Effect Level 
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Table 5.  Congener-dependent mass flow rates of major PBDE congeners at the 
RRWWTP.  Ratios represent congener concentrations divided by the concentration of 

BDE-99 in the same sample (mass flow rates in g/day). Manufacturer's data refers to the 
Penta-PBDE composition reported in Table 2. 

 
 
 

PBDE 
Congener 

Influent 
(flow;ratio) 

Effluent 
(flow;ratio) 

Undigested 
Sludge 

(flow;ratio) 

Manufacturer’s 
Data          

(ratio) 
BDE-47 2.36; 0.36 4.3; 0.83 14.3; 0.70 0.82 

BDE-99 6.47; 1.00 5.18; 1.00 20.4; 1.00 1.00 

BDE-100 1.29; 0.20 1.13; 0.22 4.21; 0.21 0.27 

BDE-153 0.83; 0.13 0.59; 0.11 1.95; 0.10 0.11 

BDE-154 0.56; 0.087 0.35; 0.068 1.54; 0.075 0.07 

BDE-183 0.17; 0.026 0.071; 0.014 0.33; 0.016  

BDE-209 56.0; 8.66 1.57; 0.30 26.8; 1.31  
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Table 6. Depth dependent concentrations of major PBDE congeners in sediments from 
RB-1 and RB-8 at the Sweetwater Recharge Facility. Values in ng/g. Average values are 
integrated means over 100 and 120 cm depth for RB-1 and RB-8, respectively. The ratio 

between average congener concentration and that of BDE-99 are shown. 
 
 

RB-1        
Depth (cm) BDE-47 -100 -99 -154 -153 -183 -209 

0 120.7 26.6 124.5 10.3 12 1.3 88.4 
5 27.9 8.7 34.6 8.5 3.2 0.4 5.1 
10 26.2 8.5 33.3 3.1 2.9 0.3 7.9 
15 4.5 6.3 15.3 2.7 2.6 0.2 2.6 
20 4.0 5.5 11.6 2.6 2.3 0.2 2.4 
25 3.0 4.5 9.1 2.0 1.6 0.2 0.9 
45 1.8 3.0 1.4 1.5 1.0 0 0.5 
60 2.9 4.2 6.6 1.9 1.6 0.2 1.8 
80 4.8 4.0 12.1 1.7 1.5 0.1 1.4 
100 1.4 2.2 3.7 1.0 0.9 0.1 0.5 

Average 8.45 4.96 13.18 2.39 1.90 0.18 3.96 
Ratio 0.64 0.38 1 0.18 0.14 0.01 0.30 

        
RB-8        

Depth (cm) BDE-47 -100 -99 -154 -153 -183 -209 
0 108.4 23 104.7 9.9 9.0 0.8 45.8 
5 86.3 15.6 70.8 7.5 6.6 0.6 29.9 
10 41.5 8.4 37.8 3.4 3.3 3.0 38.6 
15 19.3 4.1 19.5 1.6 1.6 0.1 5.7 
25 10.2 2.1 10.2 0.8 0.9 0.1 2.9 
33 9.5 2.4 11.3 1.0 1.0 0.1 3.2 
38 7.9 2.0 9.7 1.1 1.0 0 1.1 
48 10.1 2.1 11.1 1.0 0.7 0 0.6 
58 8.2 1.7 8.9 0.9 0.5 0 0.4 
71 13.6 2.9 15.3 1.4 0.8 0 0.8 
89 7.2 1.9 10.1 1.0 0.6 0 0.4 
100 1.8 1.1 5.6 0.6 0.7 0 0.6 
119 1.9 0.9 4.7 0.8 0.8 0 0.4 

Average 15.32 3.33 16.09 1.57 1.33 0.19 5.01 
Ratio 0.95 0.21 1 0.10 0.08 0.01 0.31 
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Table 7.  Concentrations (ng/L) of major PBDE congeners in Sweetwater Recharge 

Facility monitoring wells MW-5 and WR-199A; MW-5 was sampled twice; WR-199 
only once. 

 

PBDE Congener MW-5  
(standard deviation) 

WR-199A 

BDE-28 0.00 (0.00) 0.00 

BDE-47 0.96 (0.30) 0.92 

BDE-99 2.80 (1.20) 0.92 

BDE-100 1.45 (0.51) 0.30 

BDE-153 0.43 (0.20) 0.19 

BDE-154 0.11 (0.15) 0.17 

BDE-183 0.00 (0.00) 0.11 

BDE-209 6.41 (7.42) 2.38 

Total 12.16 4.99 
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Table 8.  Average mass flow rates (g/day) of major PBDE congeners in undigested and 
digested sludges at the IRWQCF. 

 

PBDE Congener Pre-digestion 
(fraction in WAS)1 

Post-digestion Fractional Loss 
(flow adjusted)b 

BDE-28 8.30 x 10-2 (0.73) 6.86 x 10-2  0.17 (0.06) 

BDE-47 6.06 (0.71) 4.92 0.19 (0.08) 

BDE-99 5.28 (0.74) 4.06 0.23 (0.13) 

BDE-100 1.28 (0.73) 0.96 0.25 (0.15) 

BDE-153 5.44 x 10-1 (0.68) 3.67 x 10-1  0.33 (0.24) 

BDE-154 5.61 x 10-1 (0.61) 3.52 x 10-1  0.37 (0.29) 

BDE-183 1.35 x 10-1 (0.66) 9.68 x 10-2 0.28 (0.19) 

BDE-209 8.49 (0.58) 6.08 0.28 (0.19) 

Total 22.4 (0.67) 16.8 0.25 (0.15) 

 

aThe fraction derived from the waste activated sludge (in parentheses) was equal to the 
mass flow rate of WAS divided by the mass flow rate of PBDEs to the digester as WAS 
and primary sludge.  Thus, the remaining fraction was from primary sludge. 
 
bThe reported rates of flow out of the IRWQCF digesters were 12% (vol) lower than the 
reported influent flow over the period of study.  To calculate the “flow-adjusted” loss by 
PBDEs, the influent mass flow rate was multiplied by 0.88, and the fractional loss of 
PBDEs was recalculated.   
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Figure 1. PBDEs in human breast milk. Data points correspond to Swedish subjects.39 

Vertical bar shows range of 47 samples from nursing mothers in Texas.40 Numbers 
indicate percentiles in the data set. 
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(b) 

Figure 2. The Sweetwater Recharge Facility including (a) locations of existing recharge 
basins (RB 1-8) and monitoring wells MW-5 and WR-199A in Recharge Basin 1, and (b) 
profile of infiltrate sampling equipment in RB-1. MW-5 and WR-199A are monitoring 

wells.  Suction samplers at the depths indicated (ft BLS) are shown. 
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Figure 3. (a) Typical digested sludge extract chromatogram; (b) the same extract after 
further treatment for sulfur removal by TBA-sulfite; and (c) after further treatment by 

florisil. Peaks shown represent individual PBDE congeners. 
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Figure 4. Chromatogram developed using BDE-CSM standard.  Peak order: BDE-28, 
BDE-47, internal standard, BDE-100, BDE-99, BDE-154, BDE-153, BDE-183 and BDE-

209. 
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(a) Influent and Effluent concentrations. 
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(b) Thickened sludge. 

 
Figure 5. Average concentrations of major PBDE congeners in RRWWTP. Based on 

four effluent samples, two influent samples and three sludge samples.



   
   
                                                                                                                                             

 

344 

0

20

40

60

80

100

120

0 100 200 300 400 500

Concentration (ng total PBDE/g dry sediment)
D

ep
th

 (
cm

)

RB-1

RB-8

 
 
 

Figure 6.  Concentration profiles of total PBDE in sediments from (a) RB-1 and (b) RB-8 
at the SRF. 
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(b) BDE-99
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(c) BDE-209
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(d) Total PBDEs
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Figure 7. Cumulative masses of (a) BD-47, (b) BDE-99, (c) BDE-209, and (d) total 

PBDEs in digester feed (influent) and digester sludge (effluent) at the IRWQCF during a 
30 day sampling period in 2006. 
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(a)3X. 
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(b) 1X. 
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Figure 8. Profiles of major PBDE congeners in the top foot of UAMAC soils in July 
2005. Biosolids application rates in the soils sampled provided (a) 150 lb nitrogen/acre 

year (3X), (b) 50 lb nitrogen/acre year (1X). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


