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ABSTRACT 

 During the past decade, estrogenic contaminants and polybrominated diphenyl 

ethers (PBDEs) received more and more attention due to their adverse effects as 

endocrine disruptors. There is a need to examine fate of these contaminants during 

wastewater treatment and effluent polishing process, as well as during the land 

application of biosolids as soil amendments, within the context of potable water reuse and 

sludge application, which have all been widely practiced.  

 Two major research goals guided this research. The first goal was to develop 

experimental protocols measuring estrogenic activity (including nonylphenol) and 

PBDEs in environmental samples, especially in organic rich solid samples such as 

sludges, sediments and soils which are impacted by wastewater and/or application of 

biosolids. The second objective was to evaluate fate of estrogenic activity and PBDEs 

during conventional wastewater treatment, effluent polishing, and sludge handling 

processes including digestion, dewatering, composting, and land application of biosolids 

by using the protocols developed. 

 The protocol developed to measure estrogenic activity or PBDEs in the solids 

includes extraction, cleanup, and determination steps. Each step is critical for the 

successful determination; however cleanup step was the most difficult. In this study, a 

C18 resin was used as the media to remove the bulk organic interferences in the  

measurement of estrogenic activity and nonylphenol. In comparison, Florisil was used in 

the cleanup step for PBDE analysis. In the development of each protocol, mobile phase 

was carefully selected and optimum cleanup strategy was determined, recovery of 
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analytes during cleanup operation was measured. During the development of method 

measuring the estrogenic activity, effects of extraction variables such as solvent, pressure, 

and time were investigated. The performance of each protocol was examined by spike 

and recovery experiments.  

 Experiments indicated that estrogenic activity and nonylphenol were largely 

removed during traditional wastewater treatment, soil aquifer treatment, and surface 

transport along a wastewater dependent stream. Examination of estrogenic activity and 

nonylphenol in sludge, sediments in contact with wastewater and mass balance analysis 

of these estrogenic contaminants in traditional wastewater treatment plants and 

infiltration basins indicated that both adsorption and biodegradation play important roles. 

In comparison, estrogenic activity and nonylphenol were persistent during anaerobic 

sludge digestion. More experiments are warranted to understand fate of PBDEs during 

sludge digestion process, although limited data show possible degradation.     
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1. INTRODUCTION 

1.1 Water reuse and water reclamation 

In the year of 2000, 2.85 billion people (world population: 6.06 billion) were 

living in urban regions. The world population is expected to reach 8 billion by 2030 

(FAO, 2000).  Population growth results in increasing demands of water for domestic, 

industrial, commercial, and agricultural purposes. In the urban areas, rapid population 

growth has increased the difficulty of finding and providing an adequate supply of water. 

The proximity and magnitude of wastewater in densely populated regions makes 

wastewater reclamation and reuse an inevitable part of the overall water supply strategy.   

 

1.1.1 Water reuse 

Treated wastewater can be used for either non-potable or potable purposes. Non-

potable application includes agricultural, landscape irrigation, cooling water for 

industries, vehicle washing, toilet flushing, fire fighting, and so on. Potable water reuse of 

treated wastewater includes direct potable reuse or indirect potable reuse.  

Direct potable reuse (often called “toilet-to-tap”) is rarely practiced, due to 

technology - related issues, pathogen considerations, the large number of emerging 

chemical contaminants in wastewater (and associated treatment/analytical challenges), 

and the potentially negative comments from citizens. The world’s first and the only 

potable water reclamation plant is in Windhoek, Namibia, erected in 1968. 

Indirect potable reuse is further classified as unplanned indirect potable reuse and 

planned indirect potable reuse. Unplanned indirect potable reuse occurs when wastewater 
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effluent is discharged to natural waters that serve the potable needs of others. Many large 

cities have been practicing unplanned indirect potable reuse for a long time. For example, 

treated wastewater discharged into the Mississippi River (America) and Yangtze River 

(China) is mixed and diluted with the local stream water before being used as drinking 

water resource for downstream cities.  

Planned indirect potable reuse occurs when community drinking water supplies 

are intentionally supplemented with treated wastewater. For example, Water Factory 21 

is a well known project of the Orange County, CA. Orange County is located along the 

Southern California coast. To protect groundwater from seawater intrusion, up to 5.7 × 

104 m³/d (15 MGD) of highly treated reclaimed water is injected and blended with deep-

well water into four coastal aquifers. More than half of the injected water flows inland 

and is used to augment potable water supplies. In City of Tucson (AZ), it was proposed to 

treat the wastewater effluent from Roger Road Wastewater Treatment Plant (RRWWTP) 

and Ina Road Water Quality Control Facility (IRWQCF) with membrane technology, and 

then recharge it at Central Avra Valley Storage & Recovery Project (CAVSARP) to 

argument the potable water resource. With the development of membrane technology and 

increasing demands of alternative water resources, planned indirect potable reuse is 

becoming more attractive.  

 

1.1.2 Water reclamation using soil-aquifer treatment 

Groundwater recharge with treated effluents is an increasingly valued practice for 

replenishing aquifers used for domestic supply, especially in the semiarid southwestern 
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United States.  A widely used recharge method is infiltration from spreading basins. The 

process consists of three components: (i) infiltration through a biologically active layer at 

the surface of recharge basin; (ii) percolation through a vadose zone; and (iii) 

storage/transport in the underlying aquifer pending extraction for non-potable or potable 

purpose. Collectively, the water quality improvements that arise from percolation and 

groundwater transport/storage process are termed soil-aquifer treatment (SAT).  The 

advantages of using SAT to reclaim water include: (i) additional water quality benefits 

gained through infiltration; (ii) minimized evaporative loss, (iii) no recontamination due 

to animals and human activities and (iv) better chance for public acceptance. 

 

1.2 Sludge digestion and land application 

Sludges are generated from the primary and secondary wastewater treatment 

processes. During sludge handling processes, primary sludge and secondary sludge are 

usually combined and digested (stabilized) under either aerobic or anaerobic conditions. 

If digestion is effective, the sludge can be used as a soil additive on agricultural lands. 

There are different rules for different classes of biosolids. Class A biosolids contain no 

detectible levels of pathogens. Class B biosolids are treated but still cotain detectible 

levels of pathogens, There are buffer requirements, public access, and crop harvesting 

restrictions for Class B biosolids. 

Land application using sludge as fertilizers has been practiced for decades. The 

nutrients in municipal sludges include nitrogen, phosphorus, potassium, zinc and copper. 
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To reduce nitrogen loss and control odor, sludge can be injected or disked into the soil 

directly. Land application of sludge provides farmers with organic matter to improve the 

soil physical conditions and supplement fertilizers at very low cost.  Organic matter in the 

sludge can increase water retention in sandy soil, increase porosity of clayey soils to 

enhance air and water movement. Organic matter added also helps with root penetration 

and erosion control of soil. 

Of 5.6 million dry tons of biosolids used or disposed of in 37 out of 50 United 

States, about 61 percent was used as soil amendments and/or fertilizer (NRC, 2002). 

Sludge application in Arizona is of particular importance, since Arizona soils are 

typically organic poor.  About 150,000 dry tons of class B biosolids are used for land 

application each year, accounting for 95% of biosolids generated during the wastewater 

treatment processes in the state (Gerba, 2005).  

 

1.3 Endocrine disrupting compounds 

Increasing use of modern analytical techniques has pushed the detection limits of 

environmental contaminants from part per billion (ppb) to part per trillion (ppt) or even to 

part per quadrillion (ppq) levels and made it routine to measure trace amounts of 

environmental pollutants. In the past decade, significant progress has been made with 

respect to understanding the occurrence, fate and toxicology of trace pollutants, that are 

collectively referred to as “emerging contaminants.” Emerging contaminants are 

unregulated in most cases, but will potentially become regulated in the future with the 

development of technology and the availability of more information regarding the health 
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implications of these contaminants. Examples of emerging organic contaminants include 

pharmaceuticals and personal care products (PPCPs), endocrine disrupting compounds 

(EDCs), disinfection by-products (DBPs), algal toxins, polybrominated diphenyl ethers 

(PBDEs) and other flame retardants, and pesticide degradation products (Richardson and 

Ternes, 2005). During the past decade, endocrine disrupting compounds received more 

and more attention as public and ecological health threats. 

The endocrine system regulates a wide range of physiological responses and 

integrates the functions of individual organs, the nervous and immune systems through 

the action of circulating hormones. Endocrine disrupting compounds are hormones or 

hormone mimics that interfere with the synthesis, storage, release, secretion, transport, 

elimination, binding, or action of endogenous hormones. They cause adverse health 

effects in intact organisms, their progeny or (sub)populations of susceptible organisms. 

Since early 1990s, it has been hypothesized that weakly active compounds in the 

environment may have significant adverse effects on public and environmental health.  

Effects on reproductive, neurological and immunological function and carcinogenesis are 

endpoints of greatest concern from the long-term exposure to endocrine disrupting 

compounds. There has been considerable speculation relative to human health effects, 

which may include decline of sperm quality and increase of certain cancers. For example, 

testicular cancers has increased in incidence by 55% during the period of 1979 to 1991 in 

England and Wales, which is believed to result from problems occurring during the 

development of testes in mother’s womb (Skakkebaek et al., 1998), while sperm counts 
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in Europe have declined at 3.1 million per mL per year over the period of 1971-1990 

(Swann et al., 1997).  

 

1.3.1 Estrogenic activity in the environment and its impacts 

The major classes of EDCs that have been recommended for extensive study are 

estrogenic compounds (compounds that mimic or block the function of natural 

hormones), androgenic compounds (compounds interfering with the function of natural 

testosterone) and thyroidal system disruptors (compounds affecting the function of 

thyroidal hormones). Estrogenic compounds have received by far the most attention by 

the scientific and regulatory communities, as well as the public. Natural estrogens such as 

17ß-estradiol (E2) and synthetic estrogens such as 17a-ethynylestradiol (oral 

contraceptive) are the most potent estrogenic compounds. Recognized estrogenic 

compounds also include a variety of estrogen mimics, such as the degradation products of 

nonionic surfactants (i.e. nonylphenol (NP), octylphenol (OP) and their parent 

compounds), pesticides (e.g. DDT, atrazine), bisphenolic compounds (bisphenol A), 

phthalates, polycyclic aromatic hydrocarbons (PAHs) and polychlorinated organic 

biphenyls (PCBs).  

Feminization of male fish, which has been attributed to exposure to estrogenic 

compounds in treated effluent, is often evidenced by reproductive abnormalities, such as 

changes of the levels of sex steroids, gonadal histology and increased levels of 

vitellogenin (a female egg yolk precursor) in male fish.  The occurrence, persistence and 

effects of estrogenic compounds were covered in recent reviews on endocrine disruptors 
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[Vos, et al., 2000; Ying et al., 2002; Snyder et al., 2003; Sumpter, 2005). For example, in 

the survey conducted by Flomar et al. (1996) about the feminization of male carp 

(Cyprinus carpio) due to exposure to wastewater effluent, significant ly higher 

concentrations of vitellogenin and lower concentrations of testosterone were measured.  

The feminization of male riverine fish throughout the United Kingdom has also been 

studied. The high incidence of intersexuality in wild fish (expressed by plasma 

vitellogenin concentration and the size of gonad relative to body weight) was correlated 

to the exposure of estrogenic compounds discharged from sewage treatment plants 

(Jobling et al., 1998).  

Nash et al. (2004) investigated the effect of estrogenic contaminants at the 

population level among wildlife. The study on zebrafish (Danio rerio) showed that life-

long exposure to 5 ng/L of EE2 in the F1 generation resulted in 56% fecundity loss and 

complete population failure with no fertilization, even though there were no reproductive 

effects among the mature adults in the parental (F0) generation. The reduction in 

fecundity was due to disturbed sexual differentiation, with males having no functional 

testes and either undifferentiated or intersex gonads. 

In comparison to wildlife, data showing the health effect of low level exposure to 

endocrine disruptors among humans are limited. However, it was found that parental 

exposure of phthalate at environmental levels decreases anogenital distance among male 

infants and can adversely affect male reproductive development (Swan et al., 2005).  

 

1.3.2 Nonylphenol 
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Alkylphenol polyethoxylates (APEOs), particularly nonylphenol ethoxylates 

(NPEOs), are widely used as nonionic surfactants in industry, commerce, and daily life. 

Consequently, there are many routes for these substances to enter the environment, and, 

not surprisingly, they are present in substantial quantities in the wastewater treatment 

plant influents. Wastewater treatment plays a significant role in transforming and 

degrading NPEOs under both aerobic and anaerobic conditions. Degradation products, 

such as nonylphenol (NP) are frequently more hydrophobic, toxic, persistent and 

estrogenic than their parent compounds. Due to their hydrophobic nature, high 

concentrations of NP are routinely found in the sludges generated in wastewater 

treatment plants. Bennie (1999) reviewed the environmental occurrence of NP in North 

America. Concentration of NP in wastewater effluent varied from less than 0.020 µg/L to 

330 µg/L. Concentration of NP in sludges varied from 8.4µg/g to 1750 µg/g. NP can also 

be found in the agricultural lands where sludge is used as a soil amendment. During 

wastewater treatment, NP is both produced by the transformation from parent compounds 

and simultaneously eliminated due to further degradation. However, little is known about 

the fate of NP during sludge digestion and land application.       

 

1.3.3 Polybrominated diphenyl ethers  

Polybrominated diphenyl ethers (PBDEs) are widely used as flame-retardant 

additives in plastics, rubbers, textiles and other potentially flammable materials. The 

widespread use of PBDEs results in the ubiquitous presence of these compounds in 

various environmental compartments such as wastewater, air, household dust, foods and 
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human tissues. PBDEs have varying degrees of bromination. There are two to ten 

bromines in a BDE molecule with a specific bromine substitution pattern. The congeners 

are numbered from 1 to 209 following the same scheme used for polychlorinated 

biphenyls (PCBs) by International Union of Pure and Applied Chemistry (IUPAC). 

In a recent examination of U.S. foods at least 13 PBDE congeners were detected; 

the highest concentration of PBDEs measured was 1373pg/g in pork sausage (Schecter et 

al., 2004). Total PBDE levels in human blood, milk and tissues have increased by about 

100 times during the past 30 years, with a doubling time of about 5 years. The 

concentration of PBDEs in the human lipids among Americans is as high as 35ng/g 

(Hites, 2004). Attention on PBDEs increased as more became known about their toxicity 

(teratogenicity, carcinogenicity and neurotoxicity), persistence, bioaccumulation and 

endocrine disrupting capability. PBDEs are detected in the wastewater streams (North, 

2004). The hydrophobic nature of PBDEs suggests that these compounds will partition 

strongly to sludges during wastewater treatment processes and may accumulate in soil 

when sludges are disposed of as soil amendment.  

 

1.4 Reduction of EDCs in the wastewater and its implication for water industry  

Modern sewage treatment technology, such as activated sludge, rapidly converts 

aqueous organic compounds into biomass that is then separated from the aqueous phase 

by sedimentation. The typical wastewater treatment process consists of the following 

units: preliminary treatment (bar screens, grinders and aerated grit chamber), primary 



 

 

26 

settling tank, activated sludge, secondary settling tank. After sedimentation at the 

secondary settling tank, wastewater effluent is discharged to receiving water body.   

The sludge generated at both the primary and secondary settling tanks are 

combined and sent to the sludge digesters for stabilization and volume reduction 

purposes. Digested sludge is frequently used as a soil amendment, it can also be 

composted after dewatering process, which is achieved by either press filter or centrifuge.   

Soil-aquifer treatment provides additional water quality benefits. The wastewater 

effluent generated in the Tucson area, mainly from Roger Road Wastewater Treatment 

Plant and Ina Road Water Pollution Control Facility is either recharged at Sweetwater 

Recharge Facility (SRF), Tucson, AZ or discharged to the Santa Cruz River. The SRF is 

owned and operated by the City of Tucson. Each year some 6500 acre - feet of secondary 

effluent is recharged.  Previous work at SRF indicated that the removal of estrogenic 

activity can be up to 80-90 percent during SAT (Wicke, 2002). The removal may be due 

to the sorption of estrogenic species onto the basin sediments, which are organic rich, or 

due to biodegradation in the biologically active layer of the recharge basins. 

Identification of the actual removal mechanism is a practical issue since the long-term 

sustainability of removal is certain only if biodegradation is the primary mechanism. 

Wastewater effluent discharged into the Santa Cruz River from the two 

wastewater treatment facilities flows northwest for about 20-25 miles from the 

discharging point and eventually disappears mainly due to infiltration. During 10-11 

months of the year, Roger and Ina Road WWTP effluents are the only water in the Santa 

Cruz River. The infiltrated effluent is an inadvertent source of groundwater 
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replenishment. Since the Santa Cruz River is a wastewater dependent river (rainfall 

supplement to the flow only during the monsoon season), it provides a valuable example 

to examine the water quality changes during the surface transport due to natural 

processes.   

A recent study by USGS examined the water quality of 139 U.S. streams in 30 

states. The chemicals measured were human and veterinary drugs (including antibiotics), 

natural and synthetic hormones, detergent metabolites, plasticizers, insecticides and fire 

retardants. The examination revealed that one or more of these chemicals were present in 

80 percent of the streams sampled and half of the streams contained 7 or more chemicals. 

In about half the streams sampled, estrogenic compounds (natural hormones and hormone 

mimics) were detected. The wide presence of estrogenic compounds in the U. S. streams 

poses a challenge for the subsequent water treatment to produce safe drinking water.  

Stackelberg et al. (2004) investiga ted the persistence of pharmaceutical 

compounds and other organic wastewater contaminants during conventional drinking 

water treatment processes (including coagulation, flocculation, sedimentation, filtration 

and disinfection). Of 106 wastewater-related organic contaminants covered, which 

represent the most extensively used chemicals, up to 40 compounds were detected in the 

stream water or raw water supply, due to the upstream wastewater discharge. Compounds 

including prescription and non-prescription drugs and their metabolites, fragrance 

compounds, flame retardants and plasticizers, cosmetic compounds, and a solvent were 

detected in the finished water. The persistence of trace organic compounds during 

conventional water treatment suggests that there maybe a related risk to human health 
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from long-term exposure through ingestion of potable water. Persistence was due to 

compound polarity and frequent presence of -OH group in the compounds, both 

properties make them unlikely to adsorb to organic matter during flocculation and 

difficult to remove via sedimentation/filtration. The structures of compounds with known 

estrogenic properties (Figure 1.1) suggest they may be generally difficult to remove 

during conventional water treatment.  
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Figure 1.1. Structures of selected estrogenic compounds 
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1.5 Research objectives 

Contamination of U.S. streams, the potential drinking water resources, together 

with the persistence of wastewater compounds during conventional water treatment 

processes, makes it desirable to reduce the discharge of pollutants from wastewater 

treatment facilities and to understand natural attenuation of the residual contaminants 

during surface transport in the rivers, infiltration, etc. Consequently, two broad research 

objectives guided this research. The first objective was to evaluate the efficacy of 

traditional wastewater treatment processes to remove estrogenic activity and 

nonylphenol. The second objective was to examine the water quality changes during 

natural polishing processes including both soil aquifer treatment and surface transport of 

secondary effluents. To this end, both estrogenic activity and nonylphenol were 

monitored in full scale facilities.  

Specific objectives of this work included: (i) development of experimental 

protocols for the measurement of estrogenic activity, nonylphenol and PBDEs in the 

organic-rich solids, particularly soil and sludge samples; (2) application of the developed 

protocols to investigate fate of estrogenic activity and nonylphenol during a) traditional 

wastewater treatment processes, b) soil aquifer treatment and c) natural attenuation along 

an effluent dependent river; (3) application of this procedure to examine the PBDE fate 

during sludge digestion and composting processes. These objectives are addressed in 

Chapters 2 through 5 of the dissertation. Chapter 6 contains a summary and some 

recommendations for future work.  
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2. MEASUREMENT OF ESTROGENIC ACTIVITY AND NONYLPHENOL 

2.1 Introduction 

Surface waters that receive municipal wastewater effluent contain trace amounts 

of many wastewater organics (Kolpin et al., 2002a).  Most of those compounds are 

present at concentrations that do not affect human or environmental health.  At the 

highest concentration of ibuprofen measured in the recent USGS survey of wastewater-

impacted surface waters in the United States (1.0 µg/L), one must drink 2 liters of water 

per day for >270 years to ingest the mass of ibuprofen in two Advil tablets (Physicians 

Desk Reference, 2002). Hormones and hormone mimics, however, can produce 

observable biochemical effects even at the low levels observed by USGS (see below). 

There is little doubt, for example, that chronic exposure to estrogenic contaminants in 

waters affected by the discharge of municipal wastewater effluent has led to abnormal 

development in some exposed fish (Jobling et al., 1998; Jobling et al., 2002). At 

concentrations of 0.2-0.5 ng/L, 17ß-estradiol (E2, the primary human estrogen) can 

initiate vitellogenesis in exposed juvenile and male fish. Thorpe et al. (2003) observed 

vitellogenin production among adult male trout that were continuously exposed to 17α-

ethinyl estradiol (EE2, an oral contraceptive ingredient) at 0.1 ng/L. At higher levels, on 

the order of 1 µg/L, continuous exposure of juvenile rainbow trout produced a variety of 

malformations and complete sex reversal (conversion of males to females) (Urushitani et 

al., 2002).  
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Ying et al. (2002) reviewed the occurrence of steroid estrogens in the 

environment. The concentrations of E2 in effluents from sewage treatment plants in 

Europe, America and Japan ranged from below the detection limit (BDL) to 64 ng/L, 

while E1 ranged from BDL to 82 ng/L and EE2 ranged from BDL to 42 ng/L. In surface 

waters, the mean concentration of E2 in 109 Japanese rivers was about 2 ng/L in both 

summer and fall. In America, the highest concentration of E2 measured in the USGS 

reconnaissance of 139 sites was 93 ng/L. This was in an effluent-dependent stream. The 

highest concentration of EE2 reported in that study was 273 ng/L (Kolpin et al., 2002b).  

Estrogenic compounds also include estrogen mimics, such as 4-nonylphenol (4-

NP), 4-octylphenol (4-OP), certain pesticides, polycyclic aromatic hydrocarbons (PAHs) 

and polychlorinated biphenyls (PCBs). The estrogenic potency of these classes of 

compounds may differ by orders of magnitude. 4-NP is produced via the biodegradation 

of 4-nonylphenol ethoxylates (APEOs), a class of non- ionic surfactants. Concentrations 

of 4-NP are at µg/L levels in treated effluents. The highest concentration of 4-NP in UK 

sewage treatment works was 330 µg/L (Bennie et al., 1999). Estrogenic potency of 4-NP 

is 3-4 orders of magnitude lower than that of E2 in the YES bioassay, and 2-3 orders of 

magnitude lower than that of E2 for the induction of vitellogenin in fish (Sumpter and 

Johnson, 2005). Considering the levels in the environment, 4-NP and related compounds 

may be of significance to aquatic health.  

Concentrations of estrogenic compounds in wastewater effluents and effluent-

impacted water bodies are often higher than levels that cause adverse effect, such as 

feminization of male fish. Understanding the fate of estrogenic compounds in sewage 
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treatment works and in effluent following its discharge is critical for the prediction and 

control of the adverse environmental effects. Estrogenic compounds are soluble in water 

and moderately hydrophobic. Their hydrophobic nature suggests that they will partition 

on sludges derived from wastewater treatment and on sediments or soils in contact with 

treated wastewater. Determining the fate of estrogenic compounds in those solids may be 

crucial to environmental protection. The first step of researching the estrogenic activity in 

the solids is development of a protocol for measuring estrogenic activity and compounds 

contributing to that activity. Properties of selected estrogenic compounds are given in 

Table 2.1. 

 

Table 2.1. Properties of selected estrogenic compounds.  

Chemical Molecular 
weight 

Water 
solubility 
(mg/L, 20 
°C) 

Log Kow Relative 
potency 
(YES assay) 
(d) 

17β-estradiol (E2) 

17α-ethinyl estradiol 
(EE2) 

estrone (E1) 

estriol (E3) 

nonylphenol (NP) 

octylphenol (OP) 

bisphenol A (BPA) 

dibutyl phthalate 

272.39 

296.40 

270.37 

288.39 

220.35 

206.33 

228.29 

278.35 

13 

4.8 

- 

- 

5.43 

12.6 

<1000 
(21.5°C) 

13 

3.94(a) 

4.15(a) 

3.43(a) 

2.81(a) 

4.48(b) 

4.12(b) 

3.40(c) 

4.61 

1.0 

1.32 

0.20 

0.01 

2×10-4 

3×10-4 

- 

- 

 Note: (a): Bennie 1999. (b): Sumpter and Johnson, 2005. (c): Holbrook et al., 
2002.  (d): Conroy, 2006 
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 There have been relatively few successful efforts to extract estrogenic compounds 

from soil, sediment, sludge, or biosolids (Kannan et al., 2000; Hilscherova et al., 2002; 

Leger et al., 2002; Holbrook et al., 2002). Holbrook et al. (2002) extracted raw and 

digested sludge in hexane, leading to measurement of estrogenic activities using a 

reporter-gene assay. Removal of estrogenic activity from raw wastewater via secondary 

treatment was 47-69 percent. Relatively little (5-10 percent) of the estrogenic activity lost 

during secondary treatment, however, was recoverable from waste activated sludge. An 

alternative explanation is that the experimental procedure used did not accurately 

measure estrogenic activity due to either the low recoveries during extraction or 

interferences during measurement. As a nonpolar solvent, hexane might not be the best 

choice to diffuse into the sludges with the presence of polar organics such as amines, 

phenols and carboxylic acids. Another potential reason for low recoveries is that 

wastewater and sludge extracts were not purified prior to measurement of estrogenic 

activity, that is, they was no attempt to separate estrogens from the organic compounds in 

the extracts. There is no single accepted protocol for measuring estrogenic activity in 

chemically complex samples. Here, a protocol for estrogenic activity and nonylphenol 

determination will be investigated. The selected method will be used to establish the fate 

of estrogenic contaminants during sewage treatment and effluent polishing processes 

including the soil aquifer treatment (SAT) and surface transport along an effluent 

dominated stream.  
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2.2 Principles governing measurement of estrogenic activity and nonylphenol in solids 

Contamination of organic-rich solids with estrogenic compounds can be measured 

with two general kinds of procedures: (i) direct measurement of the concentrations of 

specific compounds with analytical instruments and (ii) measurement of the estrogenic 

activity with a bioassay. Chemical analysis is exceptionally useful although demanding in 

terms of time and skill at the concentration of interest for estrogenic compounds. 

Furthermore, direct chemical characterization does not consider the possibilities of 

synergistic or antagonistic interactions among chemicals in a single sample. To 

accurately evaluate the risk posed by a sample, complimentary use of bioassays is 

necessary. In vitro assays have been widely used for large - scale screening experiments 

since they are convenient.    

A general analytical procedure is illustrated in Figure 2.1. The procedure consists 

of three steps: 1) extraction, which is used to dissolve the analytes in the sample and 

transfer them into a suitable organic solvent or mixture of multiple solvents; 2) clean-up, 

which is used to remove the interferences present in the raw extract, since none of the 

extractions is estrogenic specific, and 3) quantification. Estrogenic activity was measured 

by in vitro bioassay and nonylphenol was measured by high performance liquid 

chromatography with a fluorescence detector (HPLC-FLD). For the bioassay, analytes 

are transferred into a suitable solvent (water phase, in general) and biochemical reaction 

is initiated to quantify the estrogenic activity. Many in vitro bioassays are available for 

use in this regard.  
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Figure 2.1 General procedures for measur ing estrogenic activity and nonylphenol in 
solids. This represents the overall methods for quantification of estrogenic 
compounds/estrogenic activity in environmental samples 
 
 

The principles, advantages and limitations of applicable bioassays were 

summarized elsewhere (Zacharewski, 1997).  Here, the yeast estrogen screen (YES) 

assay was used. The YES assay was derived from the method by Routledge and Sumpter 

(1996). In this approach, estrogenic activity is measured via the expression of LacZ fused 

to a human estrogen response element sequence in Saccharomyces cerevisiae. Estrogen 

or estrogen mimics capable of passing through the cell envelop can form a complex with 

human estrogen receptor protein, then bind to the promoter/operator region of the 

inducible gene and initiate the production of ß-galactosidase. ß-galactosidase converts 

chlorophenol red ß-D-galactopyranoside (CPRG), which is yellow, to a red product. 

Enzyme activity is then measured colorimetrically. Certain anti-estrogenic compound can 

Quantification • in vitro bioassay (YES assay)  
• instrumental analysis (HPLC-FLD)  

Extraction 
• microwave assisted extraction (MAE) 
• accelerated solvent extraction (ASE) 
• Soxhlet extraction 
• sonication /shaking in tubes 

Clean-up 
• reverse phase cartridge (C18) 
• normal phase cartridge (silica, alumina,  
   Florisil) 
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bind the human reception protein without initiating synthesis of ß-galactosidase. 

Modification of the general YES procedure to measure anti-estrogen activity is possible.   

The details of measuring the estrogenic compounds by YES assay and measuring 

the nonylphenol by HPLC-FLD are provided in Chapter 3. Here, emphasis is given to the 

development of sample preparation procedures, including extraction with a MAE system 

and a sample cleanup (compound separation) procedure using C18 resins.  

 

2.3  Literature review 

Major sample preparation steps for the determination of estrogenic activity and 

nonylphenol include dewatering, extraction and cleanup. A summary of methods 

commonly used for this purpose was developed from recent publications and included in 

Table 2.2 and 2.3.    
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Table 2.2. Sample preparation for the determination of estrogenic activity. 

Sample 
matrix 

Extraction  Solvent Cleanup 
cartridge  

Mobile phase  Bioassay Reference 

Sediment 
(dry) 

Soxhlet 
extraction 

DCM: 
Hex (3:1) 

Florisil (10g)  Hex (100mL), 20% DCM 
in Hex (100mL), 50% 
DCM in MeOH (100mL) 

MVLN cell Kannan et al., 
2000 

Sediment 
(dry) 

Soxhlet 
extraction 

DCM Florisil 
column 

Hex (90mL), 20%DCM 
in Hex (100mL), DCM 
(100mL) 

in vitro bioassay Hilscherova et 
al. 2002 

Sediment 
(dry) 

Soxhlet 
extraction 

Hex: Acet (1:1) multiple layer 
acid-base 
silica column 

Hex (20mL), Hex:DCM 
(1:1) (20mL) 

ER-CALUX Leger et al., 
2002 

Sludge 
 (wet) 

shaking in 
tubes 

Hex NA NA YES assay Holbrook et al., 
2002 

Sediment 
(dry) 

 ACN:MeOH 
(2:1) 

C18 cartridge 
(5g) 

MeOH in water (0-100% 
)  and Hex, each 5ml 

In vitro 
recombinant 
receptor-report 
gene assays 

Fenet et al., 
2003 

Sediment 
(dry) 

ASE Acet: 
MeOH (1:1) 

C18 cartridge 
(0.5g) 

ACN (10mL) 
 

recombinant yeast 
assay (RYA) 

Cespedes et al., 
2004 

Biosolids/ 
Manures 
(wet) 

shaking in 
tubes 

EtAc 
 

NA NA recombinant yeast 
and mammalian 
cell line assays 

Lorenzen et al., 
2004 

Sediment 
(dry) 

Ultrasonic 
extraction 

DCM HPLC 
(silica 
column)  

30% DCM in HEX 
(15mL), DCM (20mL), 
MeOH (20mL) 

In vitro gene 
expression assay 

Hashimoto et 
al., 2005 

Sediment 
(wet) 

Sonication MEOH, then 
DCM:MEOH 
(2:1) 

HPLC             
(alumina 
oxide column) 

5ml of n-Hex:DCM 
(95:5) followed by 10mL 
of n-Hex:DCM (1:2) 

recombinant yeast 
assay  

Reyero and 
Pina 2005 

Solvents: Hex—hexane, Acet—acetone, DCM—dichloromethane, DE—diethyl ether, EtAc—ethyl acetate, Pent—pentane, i-
PrOH—2-propanol, ACN—acetonitrile, Tol—toluene, MeOH—methanol, EtOH—ethanol. 
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Table 2.3. Sample preparation for the determination of NP. 

Sample matrix Extraction Solvent Cleanup 
medium 

Mobile phase Analytical 
instruments 

Reference 

Sediment (dry) Soxhlet 
extraction 

DCM and Hex 
(3:1, v/v) 

Florisil 
(10g) 

Hex (100mL), 20% 
DCM in Hex (100mL), 
50% DCM in MeOH 
(100mL) 

HPLC-FLD, 
GC/MS 

Nobuyoshi  et 
al., 2000 

Sediment (dry) Soxhlet 
extraction 

DCM: 
Hex (3:1) 

Florisil 
(10g) 

Hex (100mL), 20% 
DCM in Hex (100mL), 
50% DCM in MeOH 

HPLC-FLD Yamashita, et 
al., 2000 

Sludge (dry) Ultrasonic 
extraction 

MeOH: DCM 
(7:3) 

C18  
sorbent 
(0.5g) 

Hex: DCM (1:4, v/v);  
MeOH:DCM (9:1), 
10mL (each) 

HPLC/MS Petrovi and 
Barcelo, 2000 

Sludge (dry) ASE DCM silica 
column (2g) 

Hex, 60% DCM in Hex, 
Acet 

GC/MS Laguardia, et 
al., 2001 

Sediment (dry) Soxhlet 
extraction 

MeOH alumina (8g) DCM (10mL) HPLC-FLD 
 

Valsecchi, et. 
al., 2001 

Sludge (dry) Soxhlet 
extraction 

MeOH C18 
cartridges 
(1g) 

Hex–DCM (9:1), then 
MeOH: DCM (9:1) , 10 
mL (each)  

HPLC-MS Roger et. al., 
2002 

Sludge (dry) 
 

Soxhlet 
extraction, 
supercritical fluid 
extraction (SFE),  
ASE 

MeOH, EtAc, 
Acet, Acet:DCM 
(1:1),  
EtAc: DCM 
(1:1), etc.  

aluminum 
oxide 
(5g) 

EtAc/Tol (3:1 v/v) 
(30mL), DE/MeOH/ 
formic acid (1:1:0.05 
v/v) (20mL)  

GC/MS Roland et al. 
2002 

Sludge (dry) 
 

Soxhlet 
extraction 

EtAc NA NA GC/MS Pryor, et al. 
2002 

Solvents: Hex—hexane, Acet—acetone, DCM—dichloromethane, DE—diethyl ether, EtAc—ethyl acetate, Pent—pentane, i-
PrOH—2-propanol, ACN—acetonitrile, Tol—toluene, MeOH—methanol, EtOH—ethanol. 
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2.3.1 Dewatering 

Although in some publications wet samples were used in the extraction (Holbrook 

et al., 2002; Lorenzen et al., 2004; Reyero and Pina, 2005), drying solid samples 

(sediment, sewage sludge) before extraction was more widely practiced. Dry samples are 

more effectively homogenized and easier for storage and transport. The absence of water 

makes the samples more accessible to organic solvents. Samples were dried by either 

freeze drying (water evaporation below 0°C under vacuum conditions) (Kannan et al. 

2000; Hashimoto et al. 2005), heating in the oven (<30 °C) (Ledger et al. 2002), with 

water-adsorbing materials (such as Na2SO4) (Cespedes et al. 2004), or dry naturally 

(Seung-Min, et al. 2000). Higher drying temperatures are likely to result in analyte loss 

through volatilization.  

 

2.3.2 Extraction 

 Chemical recovery efficiency during extraction is affected by factors such as the 

accessibility of solvent to the solid matrix, solubility of analytes in the solvents, and 

extraction pressure/temperature, and time. Solvents with better accessibility to the solid, 

higher solubility of analytes and higher diffusion coefficients usually lead to higher 

recoveries. Accessibility of the solvent to the sample is potentially affected by the 

sample/solvent ratio, particle size, water content, and the nature of sample and solvent. 

The mass of sample extracted is usually in the range of 0.5 to 10 grams depending on the 



 

 

41 

concentration of estrogenic contaminants and the extraction time ranges from minutes to 

hours. 

 Polar solvents such as methanol and dichloromethane are widely used in the 

extraction since most estrogenic compounds are moderately hydrophobic (Bennie, 1999; 

Hilscherova et al., 2002; Fenet et al., 2003; Cespedes et al,. 2004; Hashimoto et al., 

2005; Reyero and Pina, 2005). Acetone and ethyl acetate have also been used to extract 

estrogenic activity and nonylphenol in solid samples (Ledger et al., 2002; Roland and 

Horst, 2002; Pryor et al., 2002; Lorenzen et al., 2004). To extract from wet samples, 

water-miscible solvents, such as ethyl acetate or methanol were used (Lorenzen et al., 

2004; Reyero and Pina, 2005). Solvents with little or no polarity such as hexane and 

acetonitrile are rarely used single solvent s for MAE extraction (Holbrook et al., 2002). 

Major components of organic rich sediments and sludge organic matter contain polar 

organics with functional groups like amines, phenols and carboxylic acids; it is hard for 

nonpolar solvents to access the analytes in the inner part of such samples. Nonpolar 

solvents have been used together with a polar solvent to make a binary solvent mixture in 

such cases (Bennie, 1999; Yamashita et al., 2000; Ledger et al., 2002; Fenet et al., 2003; 

Cespedes et al., 2004).  

 Soxhlet extraction has been widely used for both estrogenic activity and 

nonylphenol measurement (Bennie, 1999; Yamashita et al., 2000; Valsecchi et al., 2001; 

Hilscherova et al., 2002; Ledger et al., 2002; Pryor et al., 2002; Roger et al., 2002; 

Roland and Horst, 2002). The advantages of Soxhlet extraction include low cost and 
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reliability. In addition, ultrasonic extraction and shaking have been used (Holbrook et al., 

2002; Lorenzen et al., 2004; Hashimoto et al., 2005; Reyero and Pina, 2005) in the 

analysis of estrogenic activity and nonylphenol, although these methods are laborious and 

time consuming. In most extractions leading  to the measurement of estrogenic activity 

and nonylphenol, modern techniques such ASE or MAE have grown in importance 

(Laguardia et al., 2001; Roland and Horst, 2002; Cespedes et al., 2004). These 

instruments consume significantly less solvent, making them cost effective and 

environmentally friendly. Use of these modern extraction techniques also reduces 

extraction time, increases reproducibility, and reduces labor consumption.  

 

2.3.3 Cleanup 

Compounds such as humic acids and lipids can be co-extracted from sludges and 

sediments and may interfere with the determination of estrogenic activity or nonylphenol. 

To reduce such matrix effects, sample clean-up is frequently carried out prior to analysis. 

Clean-up procedures can be divided into two categories based on materials need to 

achieve separation, that is cleanup steps generally involve analyte separation using either 

inorganic materials (such as silica, alumina and Florisil) or organic material (such as C18 

resin). 

 When silica gel, alumina or Florisil® is used for the cleanup, the materials can be 

either self-packed or pre-packed. Hexane, dichloromethane, acetonitrile and methanol are 

used as the mobile phase to separate the analytes from the matrix (Bennie, 1999; 
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Yamashita et al., 2000; Laguardia et al., 2001; Valsecchi et al., 2001; Hilscherova et al., 

2002; Roland and Horst, 2002). Florisil and other inorganic cartridges tend to retain 

compounds based on their relative polarity, where C18 retains compounds based on their 

hydrophobicity (Petrovi et al., 2000; Roger et al., 2002; Fenet et al. 2003; Cespedes et 

al., 2004). Elution steps generally involve a mixture of multiple solvents with increasing 

elution strength. Finer resolution of analytes has been achieved through preparative 

normal phase HPLC columns (Hashimoto et al., 2005; Reyero and Pina, 2005).  

 Beyond the separation techniques based on the adsorption chromatography 

summarized above, a disruptive organics removal technique was devised by Leger et al. 

(2002). In this procedure, a layered acid-base silica column is used in the cleanup step. 

Organics that are not compatible with sulfuric acid or sodium hydroxide impregnated in 

the column materials are destroyed ahead of elution step. The concentrated acid removes 

lipids more effectively than adsorption chromatography. However, compatibility of 

estrogenic compounds and sulfuric acid/sodium hydroxide has not been thoroughly 

investigated.  

   

2.4 Development of MAE methods 
 

 The principles, instrumentation, method development and applications of MAE 

were covered in a recent review (Eskilsson and Bjorklund, 2000). Briefly, 

electromagnetic migration of ions in the electromagnetic field and the friction in the 

solution due to dipole rotation are the two mechanisms generating heat in the microwave 
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energy. The commercial microwave has a frequency of 2450 MHz, which can cause the 

dipoles to rotate 4.9 ×109 time per second. Polar molecules and ionic solutions adsorb 

energy and can be heated by microwave energy, but a non-polar solvent like hexane does 

not adsorb energy. If a non-polar solvent is used, a polar solvent must be added.  

 The MAE system used here was the MDS -2100 microwave assisted extraction 

system produced by CEM (Matthews, NC, USA). The system allows up to 12 extraction 

vessels to be irradiated simultaneously, with a power input of up to 950 W of microwave 

energy in one percent increments. One of the 12 vessels is used as a reference vessel for 

pressure or temperature control for the whole system. Pressure can be varied between 0 

and 200 psi. Temperature can reach up to 200 °C.  Extraction conditions such as 

percentage power, pressure/temperature can be selected. Samples are loaded into the 100 

mL lined Teflon PFA (perfluoroalkoxy) vessels, which are then located in a carousel. The 

carousel can rotate through 360° during operation to ensure that each vessel receives 

equal energy. 

 

2.4.1 MAE Variables 

 MAE has been used to extract phenols, PAHs and other compounds from solid 

samples. Factorial, central composite and orthogonal array designs have been generally 

used for extraction condition optimization (Barnabas et al., 1995; Chee et al., 1996; 

Llompart et al., 1997; Egizabal et al., 2000). In this regard, the MAE parameters studied 

include extraction time, pressure/temperature, microwave power, solvent nature and 
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volume. However, optimized conditions for either estrogenic activity or nonylphenol 

have not been identified. To develop a MAE method for the extraction of estrogenic 

activity and nonylphenol, the following MAE parameters were investigated.  

 i) Solvent identity.  Solvents affect the extraction efficiency through their 

energy absorbing properties, interaction of the solvent with the matrix and solubility of 

analytes in the solvent. The ideal solvent should be able to adsorb microwave energy and 

selectively extract analytes- in preference to sample matrix organic components. 

 ii) Solvent volume (sample/solvent ratio). The volume of solvent needed for a 

single sample in MAE is usually in the range of 10–30 mL. The solvent volume must be 

sufficient to immerse the entire sample. In MAE, a higher solvent volume may give a 

lower recovery. This has been observed, for example in the extraction of PAHs from 

sewage sludge samples (Chee et al., 1996). 

 iii) Temperature/pressure. Higher temperature can improve extraction 

efficiency due to increased desorption of analytes from active sites in the sample matrix, 

increased solubility of analytes, lower mass transfer resistance or increased matrix 

penetration due to lower surface tension and solvent viscosity. However, higher 

temperature may also decrease the recovery by degrading analytes that are not thermally 

stable. In a closed system, pressure and temperature are functionally related for each 

candidate solvent.  

 iv) Extraction time. Compared to conventional techniques, extraction time in 

MAE is short. Often 10 min or less is sufficient (Lopez-Avila et al., 1994). Longer 
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extractions can improve extraction efficiency if the limiting factor is desorption kinetics. 

Conversely, longer extraction time can lower the extraction efficiency of unstable 

analytes. Solvent extraction times that yield acceptable recovery are always desirable 

outcomes from optimization studies.  

 

2.4.2. Optimization of MAE operating conditions 

 To investigate the effect of each variable and their interactions, a full factorial 

experiment is necessary.  However, such experimental designs are laborious, time 

consuming and frequently infeasible. If interactions between factors are not of concern, 

information on primary factors can be obtained from the fractional factorial experiment 

such as orthogonal array design (OAD) experiment.  OAD experiment is a balanced set 

of experiments containing an equal number of treatments for each level of each factor. 

The test array used in OAD experiment is a matrix with the least number of rows that 

meets the following criteria: i) there is an equal number of levels in each column; and ii) 

all rows at a certain level in a given column must have an equal number of occurrences of 

all levels in each other column. By using common mathematical procedures, the results 

of OAD experiments can be analyzed and the significance of each factor can be deduced. 

Here, an orthogonal array with four variables including solvent identity, solvent to 

sample ratio (volume of solvent), extraction time and extraction pressure, each at three 

levels, was used and totally 9 experiments were conducted, in comparison with full 

factorial experiment, which needs 81 experiments. This design is designated as OA9 (34). 
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2.4.2.1 Solvent screening 

 In the OAD matrix above, the effects of up to three solvents could be 

accommodated and examined. However, the number of solvents successfully used to 

extract moderately hydrophobic contaminants from environmental solid samples is 

significantly greater than 3 (see literature review, previous section). To choose the most 

promising set of solvents for investigation, a screening step was conducted using 

Hildebrand solubility theory. Hildebrand solubility theory is based on the idea “like 

dissolves like”, i.e. two materials with comparable parameters form a thermodynamically 

miscible mixture. Solubility parameters have been previously used to select the suitable 

solvents for the analysis of organic contaminants (Fitzpatrick and Dean, 2002) and other 

purposes (Wisniewski et al., 1995; Groning and Barun, 1996). 

 The Hildebrand solvent selection scheme is based on the Hildebrand solubility 

parameter, dt defined below: 

   dt = (? Ev/V)1/2  (2.1) 

where, 

dt is the total Hildebrand solubility parameter (MPa1/2), 

? Ev is the enthapy of vaporization at a given temperature (Jmole-1),  

V is the molar volume of the molecule (cm3 mole-1).   

Use of this equation requires data about heat of vaporization at various temperatures and 

the molar volume of the substances. Such data can be difficulty to obtain. Hansen 
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overcame this difficulty by assuming that the total cohesive energy is comprised of three  

components as follows:  

   dt
2= dh

2 + dp
2 + dd

2  (2.2) 

   where, 

dh is hydrogen-bonding contribution, [MPa 1/2],  

dd is dispersion coefficient contribution [MPa 1/2] ,and  

dp
 is polarity contribution [MPa 1/2]. 

 If the contributions from dispersion coefficient and polarity are combined 

additively, another parameter dv is formed. A plot of dv against dh is called a Bagley 

diagram. In Bagley diagrams, a solvent that is closer to the compound to be extracted is 

regarded as a more suitable solvent for extractions.  

 Here, dv and dh parameters for specific estrogenic compounds (E1, E2, EE2, E3, OP 

and NP) and candidate solvents from publications reviewed in the previous session were 

either calculated or obtained from the literature (Barton, 1991). An example illustrating 

details for calculation of compound solubility parameters based on a group addition 

method is given in Appendix I. Appendix I also contains a summary of solubility 

parameters corresponding to candidate solvents. After the solubility parameters of 

candidate solvent and estrogenic compounds were obtained, their positions on a Bagley 

diagram were determined.  

 Promising solvents and mixtures of solvents used in previous work of this sort 

include hexane, acetone, hexane: acetone (1:1), DCM, ethyl acetate and methanol. 
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However, DCM and DCM - containing solvent mixtures were eliminated due to the 

incompatibility between DCM and the microwave vessels. The screening step 

(solvent/solute compatibility calculations) suggested that hexane: acetone (1:1), methanol 

and ethyl acetate were best suitable for extraction of known estrogenic compounds 

(Figure 2.2). These solvents were chosen for further examination in the OAD 

optimization process.    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Positions of estrogenic compounds and solvents in the Bagley diagram. 
Solvents: Hex—hexane, Acet—acetone, DCM—dichloromethane, EtAc—ethyl acetate, 
MeOH—methanol.  

 

2.4.2.2 The OAD experiment 

 The four variables investigated in the OAD experiment were solvent identity, 

solvent /sample ratio, extraction pressure and extraction time. In order to identify 
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effect of each parameter, three levels were chosen for each independent variable. The 

levels of each variable are summarized in Table 2.4 and 2.5.  

 

Table 2.4. Variables of MAE and corresponding levels investigated. 

Level Factor 
 1                              2                                3 

solvent identity 

solvent volume (mL) 

extraction pressure (psi) 

extraction time (min) 
 

hexane: acetone (1:1)       ethylacetate       methanol                                            

20                              25                            30 

10                              15                            20 

20                              30                            40 

 

         Table 2.5. Orthogonal array design (OAD) matrix. 

Number of treatment Solvent identity   Pressure   Time   Solvent volume 

1 

2 

3 

4 

5 

6 

7 

8 

9 

           1                   1                1                1 

           1                   2                2                2 

           1                   3                3                3 

           2                   1                2                3 

           2                   2                3                1 

           2                   3                1                2 

           3                   1                3                2 

           3                   2                1                3 

           3                   3                2                 1 

 

 In the OAD experiment, 5 gram (dry weight) samples of sandy loam soil (particle 

size <0.28mm) obtained from the surface layer of Recharge Basin #1 at the Sweetwater 



 

 

51 

Recharge Facility (SRF) in Tucson, AZ were extracted under the extraction conditions 

listed in Table 2.4. Interferes were removed from the extract using a C18 resin and 

following the cleanup method described in section 2.5 (Chapter 2). The C18 - treated 

extract (10 mL) was split into two portions. The smaller 1 mL portion was used to 

measure extracted nonylphenol. The remainder (9 mL) was dried and resuspended into 1 

mL of ultrapure water for measurement of estrogenic activity. Nonylphenol was 

measured by HPLC-FLD and estrogenic activity was measured using the in vitro YES 

assay. Details for the two procedures are described in Chapter 3. Measured 

concentrations of NP and estrogenic activity are summarized in Table 2.6.  

 

Table 2.6. Response of NP and estrogenic activity of each treatment. 

Number 

of treatment 

EE2 equivalent 

(ng/g) 

Nonylphenol 

(µg/g) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0.329        0.479    0.391 

0.120        0.556    0.469 

0.354        0.306    0.152 

0.045        0.820    0.307 

0.123        0.952    0.484 

0.107        0.336    0.104 

0.213        0.659      NA 

0.479        0.068      NA 

0.117        1.160     0.100 

7.82        8.31      8.64 

9.13        8.32      7.63 

8.48        8.78       9.35 

6.62        7.18       6.26 

9.02        8.02       8.69 

6.43        8.24       7.44 

9.02        8.48       5.81 

8.03        7.29        6.17 

7.25        9.53        7.52 
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 To examine the effects of each variable on extractable nonylphenol and estrogenic 

activity, linear contrasts were conducted. Figure 2.3 shows the average yield of 

estrogenic activity (expressed as EE2 equivalents) of each treatment level for all 

variables. The average yields of NP of each treatment for all variables are given in Figure 

2.4.  From Figure 2.4 it is evident that methanol at 10 psi with solvent/mass ratio of 20 

mLs per 5 grams (dry weight) and extraction time of 30 min provide the  best 

combination of  MAE conditions for determination of estrogenic activity in soil 

extractions.  Similarly, the best extraction condition for NP analysis is solvent type one 

(hexane: acetone (1:1)), extraction pressure level three (20psi), extraction time level three 

(40min) and solvent volume level one (20 mL). Since measuring estrogenic activity is the 

major objective of this study, the final extraction condition chosen was: 20ml of 

methanol, extracted for 30min at 15 psi. 

 To identify the relative importance of each factor, data were analyzed via analysis  

of variance (ANOVA) following a standardized procedure (Appendix II).  The procedure 

consisted the following steps: i) calculating the sum of squares for both the total variation 

(SStotal) and main effects (SSmain effect ); ii) determining the degrees of freedom; iii) 

calculating the mean squares; iv) calculating the F ratio, v) choosing the critical value of 

F´, which is determined by the applicable degrees of freedom and significance level 

selected for evaluation; vi) calculating the percentage of contribution from each factor 

and errors. Factors with a F ratio higher than the F´ are regarded as significant variables. 

 At the selected significance level (95%), pressure, extraction time and volume of 

solvent were statistically important parameters contribut ing to the variations of measured 
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estrogenic activity as indicated by the F ratios which were larger than F´ critical values 

(Table 2.7). For NP extraction, none of the factors investigated was of significant 

importance (Table 2.8). The contribution of unidentified factors to extractable estrogenic 

activity values measured was only 9.3% of total variance, indicating that the variables 

investigated are of predominant importance. Variance due to unidentified factors 

accounted for 65.9% of the total variance of NP values however. Unidentified factors 

contributing variance of efficiency could include sample moisture contents, pH, or 

experimental errors.  

 

Table 2.7. ANOVA table when concentration of extractable estrogenic activity from SRF 
soil was the dependent variable. 
 

source of 
variation 

sum of 
squares 

degrees of 
freedom 

mean 
squares 

F 
Ratio 

F´ 
critical 

% 
contribution 

solvent type 0.01 2 0.01 0.41 3.68 0.5 
pressure  0.67 2 0.33 28.7 3.68 33.2 
time 0.55 2 0.27 23.5 3.68 27.2 
solvent 
volume 

0.60 2 0.30 25.7 3.68 29.8 

within 0.19 16 0.01   9.3 
total  2.01 24    100 
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Table 2.8. Results of ANOVA for concentration when extractable NP from SRF soil was 
the dependent variable. 
 

source of 
variation 

sum of 
squares 

degrees of 
freedom 

mean 
squares 

F 
 ratio 

F´ 
critical 

% 
contribution 

solvent type 4.79 2 2.39 2.38 3.68 17.4 
pressure  1.53 2 0.77 0.76 3.68 5.6 
Time 0.55 2 0.27 0.27 3.68 2.0 
solvent 
volume 

2.52 2 1.26 1.25 3.68 9.2 

Within 18.10 18 1.01   65.9 
total  27.47 26    100 
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Figure 2.3. Linear contrasts of the levels of each variable affecting the extraction efficiency of estrogenic activity (EE2 
equivalents): (a) solvent type; (b) solvent volume; (c) extraction pressure; (d) extraction time. 
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Figure 2.4. Linear contrasts of the levels of each variable affecting the extraction efficiency of NP: (a) solvent type; (b) solvent 
volume; (c) extraction pressure; (d) extraction time. 
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2.5 Development of Cleanup Procedures 

Effective extract clean-up procedures are crucial to measurement of estrogenic 

activity using bioassay procedure. Quanrud et al. (2003) investigated matrix effects due 

to natural organic matter in the sediment collected from SRF on the extraction and 

measurement of estrogenic activity. An uncontaminated soil was extracted using either 

hexane or DCM. Each extract was split into four aliquots that were spiked with differing 

known amounts of EE2. The spiked sample extracts were dried under nitrogen and 

resuspended in water. EE2 recoveries were measured via YES bioassay. The recovered 

masses of EE2 were 47% of the spiked mass using hexane in the extraction and 28% 

using DCM. This experiment suggested that co-extracted natural organic matter inhibits 

the dissolution of EE2 and perhaps other estrogenic compounds during redissolution prior 

to bioassay measurement.  Moreover, the suppression effect may depend on solvent 

identity. In related work, Holbrook et al. (2005) investigated the effects of sludge-derived 

colloidal organic carbon (COC) on the (EC50) of the E2 standard curve. They found that 

the EC50 increased in the presence of COC and that larger colloidal particles produced 

more significant effects. 

Sample cleanup is also necessary for the determination of nonylphenol. The 

presence of interferencing compounds creates challenges for subsequent instrumental 

analysis using either HPLC or GC, leading to errors in the quantification of NP. Finally 

the presence of matrix organics can shorten the life of GC or LC columns. 

2.5.1 The principle of cleanup  
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 Sample cleanup for determination of estrogenic activity and NP was performed 

using solid phase extraction (SPE) cartridges, containing C18 resin. The C18 resin was 

silica based sorbent. The unmodified silica is heterogeneous in nature. Silica can be 

chemically modified to create a covalently bonded surface capable of offering 

interactions with a wide variety of analytes. The hydrophobic carbon chain in C18 resin 

renders it a hydrophobic nature. However, free silanol is still present due to the geometry 

limitation during the modification. The procedure using C18 cartridge in the separation 

involves the following steps: 

 i) Sample pre-treatment. During the extraction with MAE, solid phase 

analytes were transferred into a methanol phase. After the methanol was evaporated to 

near dryness, water was added to produce a >50:1 water/methanol solution. The mixture 

was then applied to C18 cartridges. Higher levels of methanol were avoided since they 

reduced the retention of analyte on the C18 resin. 

 ii) Conditioning of C18 cartridge. During the conditioning step, methanol is 

used to solvate the hydrophobic chains, allowing the chains to become extended and 

hence available to interact with the analyte. Methanol was chosen as the conditioning 

solvent since its hydrophobic end can interact with the hydrocarbon chains while its polar 

end can interact with the surface silanols. 

 iii) Equilibration of C18 cartridge. During the equilibration step, certain volume 

of water is applied and excess methanol is replaced with water from the C18 resin so that 
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analyte retention is not hindered during the subsequent sample loading step. The 

equilibration step also serves to set the conditions of the cartridge. 

 iv) Sample loading. After the cartridge is equilibrated with water, samples 

containing analytes could be loaded with the assistance of vacuum. For compounds 

having a strong affinity to the C18, sorption can take place in a small segment of the C18 

resin and large volumes can be handled at high loading rates. 

 v) Interference elution. Interfering organics were separated from analytes 

via differential elution with a suitable solvent such as certain volume of low percentage 

of methanol in water. During the interference elution step, interferences were removed 

without loss of the analyte.  

 vi) Analyte elution. The final step of the SPE procedure is the elution of the 

analytes from the C18 resin. Ideally, the analyte is eluted using minimal solvent volumes. 

The more hydrophobic the eluting solvent, the more likely it is that the analytes will leave 

the C18 resin. For estrogenic compounds that are retained by hydrophobic interactions 

with C18 resin, the strongest solvents for elution could be ones that are non-polar (e.g., 

pentane and hexane), the weakest elution solvent would be one that is not capable of 

interrupting non-polar interactions (e.g. water). In addition to selecting an appropriate 

solvent, there should be sufficient contact time between the sorbent and solvent to ensure 

quantitative removal of the analyte from the surface. 

 

2.5.2 Development of cleanup procedures 



 

 

60 

 The cleanup procedures were developed via three experiments: i) a diagnostic 

experiment, which was aimed to examine the elution strength of candidate solvents 

including varying concentration of methanol in water and hexane when C18 resin was the 

stationary phase; ii) a fine separation experiment conducted based on the results of the 

diagnostic experiments. During the fine separation, solvents stronger than necessary were 

avoided to minimize the elution of possible interferences and fine separation of 

estrogenic compounds was achieved; iii) examination of an alternative cleanup method, 

which was designed to simplify the procedures used in the fine separation experiment to 

save time and labor consumption.    

 i) The diagnostic experiment.  A diagnostic experiment was conducted to 

examine the conservation and elution behavior of the estrogenic compounds during 

sample fractionation. In this experiment, 10 g of surface sediment from Recharge Basin 

#1 at SRF was extracted in 20 mL of methanol and the extract was concentrated down to 

about 2 mL by evaporation with nitrogen. The extract was diluted up to 200 mL with 

Ultrapure water and estrogenic compounds including E1, E2, EE2, OP, NP were spiked. 

The mass of each compound  spiked was 20 µg, which was dissolved in 1 mL of 

methanol. After dilution, the spiked extract was loaded onto the conditioned C18 resin. To 

make sure that all estrogenic compounds were recovered during fractionation steps, the 

strongest mobile phase (hexane) was used. In details, mobile phase consisted of seven 

fractions which are: F1: 20% methanol in water, F2: 40% methanol in water, F3: 60% 

methanol in water, F4: 80% methanol in water, F5: 90% methanol in water, F6: methanol 

and F7: hexane, each fraction was 5 mL. After fractionation, concentrations of each 
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estrogenic compound spiked was measured by HPLC-FLD (methods described in 

Chapter 3) and the mass distribution of each compound across all fractions was obtained.  

 Mass distributions of the estrogenic compounds spiked are shown in Figure 2.5. 

Total recoveries of the estrogenic compounds spiked were: E1 : 103% E2: 127%, EE2 : 

111%, NP: 104%, OP: 115%. The diagnostic experiment indicated that: (1) the estrogenic 

compounds were conserved during adsorption onto the C18 resin in the sample loading 

step and subsequent elution in the fractionation step. In another word, estrogenic 

compounds loaded onto the C18 resin were eluted with the mobile phases investigated; (2) 

60% methanol in water is strong enough to elute the estrogens and 80% methanol is 

strong enough to elute OP and NP from the C18 resin; (3) the organic interferences were 

mainly present in the last two fractions when methanol and hexane were used as mobile 

phases as indicated by eluant color (Figure 2.6); (4) some organic residuals were retained 

on the C18 resin after last elution step; and (5) ease of elution of estrogenic compounds 

from the C18 resin was a function of compound hydrophobicity. NP, which has the 

highest octanol-water partition coefficient was eluted last.  

 ii) Fine separation experiment. To refine the separation during fractionation 

steps, a fine separation experiment was conducted. The fine separation experiment was 

the same as the diagnostic experiment with the exception of the following modifications: 

(1) eliminating the strongest mobile phases including pure methanol and hexane phases. 

The mobile phases consisted of 20% to 80% methanol in water; (2) estriol (E3) was added 

to the spiking solution .  
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 Again, the mass distribution and recoveries of estrogenic compounds spiked were 

calculated after measurement with HPLC-FLD. It was found that estrogenic compounds 

spiked were present in the 0.4-, 0.6-, and 0.8-methanol fractions (Figure 2.7). Same as the 

diagnostic experiment, there was a crude correlation between fraction methanol in 

respective recovery fractions and compound hydrophobicity; the least hydrophobic 

compound E3 (Log Kow = 2.81) was eluted first and NP, the most hydrophobic compound 

(Log Kow= 4.48) was eluted out the last (Log Kow values of all compounds given in Table 

2.1). The recoveries of these compounds ranged from 85-110%, which showed that 

estrogenic compounds were conserved during C18 loading and fractionation. This 

experiment also confirmed that 80% methanol in water was suitable for the mobilization 

of adsorbed estrogenic compounds including those as hydrophobic as NP. In both the 

diagnostic experiment and the fine separation experiment, the first fraction (20% 

methanol) contained none of the estrogenic compounds spiked.    

 iii) The alternative cleanup method. With the fractionation strategies above, 

sample extract was purified. However, the resulting fractions contained significant 

amounts of water (20 - 60 % of the volume in each fraction), which make the subsequent 

concentrating step time consuming. In order to address this issue, an alternative cleanup 

strategy was investigated. The procedures in the diagnostic experiment were repeated 

with the exception that the spiked extract adsorbed on the C18 resin was sequentially 

eluted starting with 5 mL of 0.2 methanol/water solution followed by 4 fractions of 0.8 

methanol/water solution, each of 5 mL. In total 5 fractions of estrogenic compounds were 

generated. The mass distribution and recovery of each compound was obtained.   
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 Mass distribution of spiked estrogenic compounds (Figure 2.8) and recoveries (in 

the range of 79-99%) indicated that after the initial wash of C18 resin with 20% methanol 

in water, estrogenic compounds could be eluted with 10 mL of 80% methanol in water 

(combination of F2 and F3). This alternative procedure was used during sample cleanup in 

the determination of estrogenic activity and nonylphenol (Chapter 3 and 4). 
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Figure 2.5. Fractionation of (a) E1, E2, EE2 and (b) NP, OP with C18 resin during the 
diagnostic experiment.  
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Figure 2.6. Fractionation of soil extract spiked with estrogenic compounds including E1, 
E2, EE2, NP and OP in the diagnostic experiment. Note that estrogenic compounds were 
present in F3 through F5, but eluted soil organics were present in F6 and F7, as indicated 
by the color.   
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Figure 2.7. Fractionation of a) E1, E2, E3 and b) EE2, OP, NP in a spiked extract of sandy 
loam soil during the fine separation experiment. Each fraction was measured via HPLC-
FLD.  Each elua te fraction (F1-F6) consisted of a 5-mL methanol/water mixture 
containing the fraction of methanol (by volume) shown. 
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Figure 2.8. Fractionation of (a) E2, E3, and EE2, and (b) OP and NP in a spiked extract of 
sandy loam soil after using the alternative cleanup method. Each fraction was measured 
via HPLC with a fluorescence detector.  F1 consisted 5-mL of 20% methanol in water 
and each other fractions (F2-F4) consisted of a 5-mL 80% methanol in water.  
 
 
2.5.2 Scope of measurement 

 When the mass-averaged fraction numbers of estrogenic compounds recovered in 

the fine separation experiment were plotted against the Log Kow values of the each 

compound (Figure 2.9), it was apparent that the separation of estrogenic compounds from 

the C18 resin during differential elution based primarily on hydrophobicity. Less 

hydrophobic compounds (with lower Log Kow) were eluted earlier. NP and other 

(b) 

(a) 
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estrogenic compounds with greater hydrophobicity were eluted from the C18 resin in 

fractions 3, 4, and 5 and were recovered in the cleanup step. According to the empirical 

relations identified, estrogenic compounds that are expected to be separated in this 

fashion include: Bisphenol A (BPA), ethynylestradiol 3-methyl ether (MeEE2), NPnEO, 

OPnEO, NPnEC, OPnEC, (n=1~3), 3-tert-butyl-4-hydroxyanisole (BHA), 4-

Cumylphenol, and atrazine.  

 

 

 

 

 

 

 

Figure 2.9. Crude correlations between the mass averaged fraction numbers and the 

Log Kow for selected estrogenic compounds. 
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3. FATE OF ESTROGENIC ACTIVITY AND NONYLPHENOL DURING 
WASTEWATER TREATMENT PROCESSES  

 
3.1 Introduction 

 Fish species are particularly sensitive to endocrine disrupting chemicals in water 

(Sumpter and Jobling, 1995). The high incidence of intersexuality in wild populations of 

riverine fish (roach; Rutilus rutilus) in British streams was due to estrogenic compounds 

in effluents from sewage treatment works (Jobling et al., 1998). Laboratory studies 

supported the same conclusion and were conducted to identify sources of estrogenic 

compounds. For example, it was found that trout (Oncorhynchus mykiss) and roach 

(Rutilus rutilus) exposed in vivo to E1,  E2 and 4—tert-octylphenol, at environmentally 

relevant concentrations similar to measured concentrations in U. K. streams, experienced 

higher than normal levels of vitellogenin (Routledge et al., 1998).   

 Nonylphenol is a by-product from the biodegradation of nonylphenol ethoxylates 

(NPE), surfactants that are commonly used in the pulp and paper industrials as well as the 

manufacture of household and industrial detergents. NPE accounts for approximately 

80% of alkylphenol ethoxylate (APE) surfactant use with an annual production exceeding 

500 million pounds in the U.S. About half of the alkylphenol ethoxylates used each year 

goes down the drains. Measurement of NP levels in major rivers showed that 

concentrations vary between 2 µg/L in the Delaware River in Philadelphia to 1000 µg/L 

in the Rhine. The contamination of river water also leads to the presence of alkylphenolic 

compounds in drinking water. The average concentration of alkylphenolic compounds in 

many drinking water samples in the U.S. was 1 µg/L, which is higher than the published 

no effect concentration for NP of 0.33 µg/L. (Ahel et al., 2000; US EPA 2001).  
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 The contamination of surface water with steroid estrogens may be of even greater 

concern. Major sources of steroid estrogens in surface water include municipal 

wastewater effluents and runoff or treated wastewater from concentrated animal feed 

operations (CAFOs). Johnson et al. (2000) developed empirical relationships to predicate 

the input concentrations of steroid estrogens to sewage treatment works according to the 

human population and the flow rate of works. Based on these relations, it was estimated 

that for a city with one million people, the daily discharges of E1,  E2, and EE2 were 

approximately 8.8 g, 3.8 g and 0.7 g respectively. The extent to which these compounds 

survive wastewater treatment is of great significance to receiving water quality.  

 The hydrophobic nature of estrogenic compounds suggests that estrogenic activity 

will be strongly associated with sludges produced during wastewater treatment.  That is, 

the through-plant reduction in estrogenic activity that typically accompanies the treatment 

of municipal wastewater (Ternes et al., 1999a; Ternes et al., 1999b; Holbrook et al., 

2002) is due to not only biochemical destruction but also the transfer of the same 

chemicals to sludges and biosolids. Anaerobic digestion is the primary sludge 

stabilization process in municipal wastewater treatment plants because of advantages 

such as low energy consumption, possible production of energy, and reduced sludge 

volume. However, due to the relative persistence of estrogenic compounds under 

anaerobic conditions (Ying et al., 2003; Ying et al., 2004; Lee and Liu, 2002), the fate of 

estrogenic activity during anaerobic sludge digestion is of environmental interest.   
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 The following objectives were pursued by examining profiles of estrogenic 

contaminants in wastewater and sludge at the Joint Water Pollution Control Plant 

(JWPCP) in Carson, CA and the Hyperion Treatment Plant (Los Angeles, CA):  1) 

measure estrogenic activity and nonylphenol in sewage influent, effluent and sludges 

generated across both sewage treatment plants; 2) determine the removal mechanisms 

and persistence of estrogenic activity and nonylphenol during conventional wastewater 

treatment by analyzing the mass fluxes of the estrogenic contaminants across major 

treatment units, such as the activated sludge tanks, anaerobic digestion, and composting 

process; and 3) examine the effects of operating temperature on the removal of estrogenic 

activity and nonylphenol during anaerobic digestion. 

 

3.2 Materials and Methods 

3.2.1 Description of the sewage treatment works 

 The JWPCP is a 350 million gallon per day (MGD) municipal wastewater 

treatment plant that is owned and operated by the County Sanitation Districts of Los 

Angeles County (CSDLAC). The JWPCP receives wastewater from a heavily 

industrialized section of Los Angeles County that includes a population of about 3.5 

million. Mesophilic anaerobic sludge digestion is practiced at JWPCP. In order to 

examine the effects of temperature on the removal efficiency of estrogenic contaminants, 

the thermophilic digesters at Hyperion Treatment Plant were included in this study.  The 

Hyperion Treatment Plant (HTP) receives sewage from a 515 square mile area covering 

most of greater Los Angeles. The plant has a capacity of approximately 450 MGD and a 

current average daily inflow of about 360 MGD.  
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 A process schematic for the two facilities is provided in Figure 3.1. Each plant 

provides preliminary treatment (screening and grit removal), primary treatment (primary 

sedimentation and primary sludge collection), secondary treatment (bioreactors and  

secondary clarifiers), and chlorination/dechlorination prior to effluent discharges. Sludge 

from primary sedimentation is combined with waste activated sludge for digestion. 

Digested sludge is dewatered via centrifugation. At the JWPCP, a portion of the 

dewatered cake is stabilized by composting and sold as a soil amendment. The rest is 

applied to agricultural soil or hauled to a landfill as waste. Effluents from both facilities 

are discharged to the ocean.  

 

3.2.2 Sampling 

 One set of wastewater and sludge samples were taken at the JWPCP and HTP at 

the sampling points indicated (Figure 3.1) and shipped overnight on ice to the University 

of Arizona in November 2003 and January 2004 respectively. The samples collected at 

JWPCP included: raw water influent, secondary effluent, primary sludge, WAS, digested 

sludge, dewatered cake, centrate and composted biosolids. At HTP, samples included 

primary sludge, WAS, digested sludge and dewatered cake. At each plant, one set of grab 

samples was obtained for analysis within this study. Thus, this project provides only a 

single “snapshot” of the wastewater treatment and sludge digestion performances at each 

plant.  

 

 



73 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Simplified schematic of the treatment processes and sampling locations at JWPCP and HTP in southern California 
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3.2.3 Laboratory Procedures 

 In general, sludge and biosolid samples were held at 40° - 60°C for 48 hours to 

produce a dry residual for extraction and analysis. Water content was determined using 

subsamples that were dried for 12 hours at 103°C. Influent and effluent liquid samples 

were passed through a 0.80 µm membrane filter, and filtrate was stored for subsequent 

analyses of nonylphenol and estrogenic activity. 

 i) Chemicals. All organic solvents were HPLC grade (VWR Scientific) and used 

as obtained. Ultrapure water was obtained via Nanopure (Barnstead, Dubuque, IA, USA) 

treatment. C-18 SPE cartridges were purchased from Empore, 3M. Nonylphenol, tech. 

29,085 [84852-15-3] was obtained from Aldrich Chemical Company, Inc. The 

nonylphenol stock consisted of a mixture of isomers in unknown proportion. 17a-

ethinylestradiol (EE2) [57-63-6] was obtained from Aldrich Chemical Company, Inc. 

Millipore 0.45 and 0.8 µm membrane filters were purchased through VWR Scientific. 

 ii) Sample extraction and cleanup.  Organic extracts from sludges/biosolids 

were obtained using a microwave assisted extraction (MAE) procedure in a CEM MDS-

2100 Microwave Digestion System. In general, 0.1 -0.5 g of the granular solid (dry 

weight) was extracted in 20 mL of reagent grade methanol using the following program: 

pressure was ramped from 0 to 20 psig over five minutes by heating the closed extraction 

vessel and held constant for 30 minutes. Reactor contents were then allowed to cool 

down before the liquid phase containing extracted organics was decanted off for further 

processing.  
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 Post-extraction sample clean-up steps were designed to separate estrogenic 

compounds from other organic material that might compromise measurements of 

estrogenic activity and nonylphenol. Methanol-based extracts were evaporated to < 1 mL 

and extract residuals were diluted to ~1% methanol in Nanopure water. Hydrophobic 

organics in the dilute mixture were then adsorbed on C-18 SPE cartridges. The C-18 

cartridges were first washed with 5 mL of 0.2 v/v methanol/water which was discarded. 

Estrogenic compounds were then eluted in 10 mL of 0.8 v/v methanol and saved.  The 

extracts so obtained were directly analyzed for nonylphenol via HPLC with a 

fluorescence detector.  The procedure blank was obtained using a blank microwave 

extraction step (methanol only), dilution of the methanol “extract” in Nanopure water, 

adsorption on a C-18 cartridge and elution, per above. 

 The organic separation process for samples that were predominantly liquid (raw 

wastewater, secondary effluent, centrate from sludge dewatering, etc.) was different. At 

times, the entire sample in its original form was dried in the microwave vessels and 20 

mL of methanol was added for MAE. Occasionally, samples were filtered, and then 

applied directly to the C-18 disks and corresponding cleanup step followed.  

 iii) Nonylphenol Measurement. Nonylphenol was determined via HPLC-

FLD. The Hewlett-Packard HPLC-FLD system (Hewlett Packard Series II, Model 1090) 

used for nonylphenol measurement consisted of an autosampler, solvent delivery sys tem, 

reverse-phase C18 column (86-200-E3) and a fluorescence detector (1046A). The mobile 

phase was an acetonitrile (ACN) gradient in ultrapure water and a flow rate of 1 mL/min. 

The ACN gradient program was 0.30 ACN/0.70 water from 0 - 5 min; 0.40 ACN/0.60 
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water from 5 - 10 min; 0.60 ACN/0.40 water from 10 – 20 min; 0.80 ACN/0.20 water 

from 20 -25 min; and an isocratic purge from 25 - 30 min after which the eluent 

composition was returned to 0.30 ACN/0.7 water. The injection volume was 25 µL, and 

the excitation and emission wavelengths were 230 nm and 305 nm. The method detection 

limit was estimated as 5 µg/L. The measured recovery of NP quantification procedure 

including extraction, cleanup and concentration steps was 78%.   

 iv) Estrogenic Activity Measurement.  The reporter gene bioassay employed 

was the yeast estrogen screen (YES) (DeBoever et al., 2001).  Estrogenic activity was 

measured using a recombinant strain of Saccharomyces cerevisiae.  Estrogens and 

estrogen mimics that pass through the cell envelope bind first to a human estrogen 

receptor protein and then to an estrogen response element fused to the lacZ gene leading 

to production of ß-galactosidase.  ß-galactosidase activity is measured colorimetrically, 

based on cleavage of the yellow dye CPRG (chlorophenol red ß-D-galactopyranoside) to 

yield chlorophenol red (Routledge and Sumpter, 1996). CPRG was purchased from 

Calbiochem. The principles of the YES assay are illustrated in Figure 3.2 (Conroy, 2004). 
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Figure 3.2. Principles of the YES assay. 

 

To run the assay, yeast were grown in batch culture (32°C) to an optical density 

of 1.0 cm-1 (?=630 nm).  The growth medium was prepared by adding Aspartic acid and 

Threonine into minimal media. Minimal media was made by mixing the following 

components into 1 L of ultrapure water: KH2PO4 (13.61 g), (NH4)2SO4 (1.98 g), KOH ( 

4.2 g), MgSO4 (0.2g), L- leucine (50 mg), L-histidine (50 mg), adenine (50 mg), L-

arginine (20 mg), L-methionine (20 mg), L-tyrosine (20 mg), L- isoleucine (30 mg), L-

lysine (30mg), L-phenylalanine (25 mg), L-glutamic acid (100 mg), Lvaline (150 mg), L-

serine (375 mg), Fe2(SO4)3 (0.8 mg). 1 L of growth medium was made with 1 L of 

minimal medium by adding L-Asp (109.6 mg), L-Thr (208.8 mg), glucose (0.5 g), 0.25 

mL of vitamin solution and  63 µL CuSO4 (20mM). vitamin solution was made by adding 
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thiamine (8 mg), pyridoxine (8 mg), pantothenic acid (8 mg), inositol (40 mg) and biotin 

(0.4 mg) into  180 mL of autoclaved water.  

Samples were serially diluted across each of eight parallel rows of a 96-well plate 

(Costar). The procedure involved 8-10 (two-fold) dilution steps using Nanopure water as 

diluent, after which the liquid volume in each well was 50 µL.  The yeast culture was 

diluted in growth media to A630 = 0.133, from which 150 µL was added to each well.  

Following a 24-hour incubation period (32°C) for cell growth and estrogen-dependent 

gene expression, 50 µL of cycloheximide/CPRG solution was added to each well.  The 

solution was prepared by adding 20 mg of cycloheximide (Sigma) and 0.2 mL of a 10 

mg/L CPRG solution to 5 mLs of the growth medium.  Addition of cycloheximide, an 

inhibitor of new protein production in eukaryotes, prevented interference from CPRG, 

which is weakly estrogenic.  The plates were then incubated for an additional 24 hours at 

32°C for color development.  Absorbance and light scattering were measured at ?=570 

nm and 630 nm using a plate reader (Bio-Tek Instruments, Inc., E1 x 800).  Estrogen-

dependent color development in each well was normalized for culture density using: 

 

630

630570
n A

bA - A
  A =                                                                                      (3.1) 

 

where A570, A630 are measured optical densities at respective wavelengths; b is the ratio 

of  
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optical densities due to light scattering at 570 nm and 630 nm in the negative control 

series; and An is the normalized, estrogen-dependent ß-galactosidase activity in the well. 

 A negative control, in which the sample-free growth medium (50 µL) was 

substituted for the diluted sample, was run in the last two columns of every 96-well plate.  

Process (negative) controls were also run.  A liter of Nanopure water was passed through 

a C-18 disk followed by elution in 0.2 v/v (5 mL) and 0.8 v/v (10 mL) methanol/water.  

The latter was evaporated to dryness, and residual organics were re-suspended in water 

for measurement of estrogenic activity using the YES procedure.  A series dilution 

containing concentrations of EE2 from 5.0 ×10-12 to 1.0 ×10-7 M served as positive control 

for each experiment.  Results from the positive control series were used to convert 

measured estrogenic activities in environmental samples to equivalent concentrations of 

EE2 using: 

 

50, 2
2

50

EE eq  EE

f

EC
D C

=
×

                                                                                     (3.2) 

 

where EC50,EE2 is the concentration of EE2 that provided a half-maximal response (ß-

galactosidase activity) in the positive control, D50 is the dilution value at which the 

processed environmental sample provided a similar response in the YES bioassay, and Cf 

is the concentration factor achieved during sample processing (sample volume/final 

volume after separation, differential elution, drying and resuspension).   
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3.3 Results and discussions 

 Measurements of estrogenic activity and nonylphenol were combined with mass 

(solids) or volume (liquids) fluxes corresponding to various points at JWPCP and HTP as 

shown (Figure 3.1) to yield daily mass fluxes of estrogenic activity (as EE2) and 

nonylphenol at those positions. From the results of the analysis, it is evident that 93 

percent of the estrogenic activity in the plant influent was missing from JWPCP effluent. 

The EE2 equivalent concentration of estrogenic activity in JWPCP effluent was 0.089 nM 

(26.4 ng/L), which is still much higher than the minimum levels known to disrupt 

estrogen physiology in exposed animals (Figure 3.3).  

 From a comparison of estrogenic activities in filtered versus unfiltered influent 

samples, it was apparent that more than 90 percent of the influent estrogenic activity was 

associated with particles removed on a 0.8 µm filter. Greater than 50 percent of the 

estrogenic activity lost (based on comparison of JWPCP influent and effluent 

concentrations) was accounted for in an extract derived from the dewatered sludge. There 

is some evidence of experimental error in estrogenic activity measurement involving 

sludges. Estrogenic activity in the dewatered cake was low compared to that of digested 

sludge before centrifugation. The mass balances on estrogenic activity around anaerobic 

digestion, dewatering and composting were suspect, probably because the samples were 

grab samples or due to the experimental errors. The flux of estrogenic activity out of the 

digester seems particularly high. As a consequence, it was not possible in this limited 

study to estimate the efficiencies of individual unit operations (anaerobic digestion, 

dewatered and composting) for removal of estrogenic activity.  



81 

 

 A similar overall picture emerges from nonylphenol data at JWPCP. That is, 

secondary treatment is capable of lowering the flux of nonylphenol from influent to 

effluent by more than 90 percent (here, 93%). Of the 93 percent through-plant loss, 

however, more than two-thirds (72%) was accounted for as extractable nonylphenol in 

the dewatered sludge. Considering both the dewatered cake and effluent as sinks for 

nonylphenol at JWPCP, all but a fourth of the influent nonylphenol is accounted for. 

There were more circumscribed balances around the anaerobic digester and JWPCP 

sludge dewatering operations. These show that mesophilic digestion and physical 

dewatering have  a very limited effect on nonylphenol mass. That is, extractable 

nonylphenol was essentially unchanged by digestion and centrifugation. A comparison of 

nonylphenol in primary and waste activated sludges shows that primary sludge accounts 

for almost 90 percent of the nonylphenol that enters the anaerobic digester. There was 

little or no loss of extractable nonylphenol during mesophilic anaerobic digestion. As 

expected, dewatering had little effect on nonylphenol levels or fluxes (Figures 3.3, 3.4).  

 A balance around the composting operation, which precedes sale of composted 

sludge and fertilizer/soil conditioner, suggests that perhaps 75% of the nonylphenol that 

enters the composting process in dewatered cake is lost, perhaps due to aerobic 

biochemical activity. This encouraging result should be further examined and verified in 

future research studies to establish the efficacy of using aerobic decomposition processes, 

such as composting, for nonylphenol destruction (Figure 3.5). 

 Overall, the balance on nonylphenol fluxes at the JWPCP indicated that two-

thirds of the nonylphenol that enters the treatment plant leaves with the dewatered cake. 
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Aerobic biodegradation during secondary treatment may remove as much as 25 percent 

of the influent nonylphenol. Again, about 80 percent of nonylphenol in the JWPCP 

influent was associated with the particles larger than 0.8 µm. Thus, relatively low 

nonylphenol levels in the plant effluent (40µg/L) are more a product of suspended solids 

removal than of biochemical treatment of nonylphenol. It is also possible that aerobic 

biodegradation is effectively matched by in-plant production of nonylphenol from 

NPnEO (Fujita et al., 2000).  

 The contribution of nonylphenol to estrogenic activity is also of some interest. 

YES bioassays with pure 17a-ethinyl estradiol and a mixture of nonylphenol isomers 

indicated that EE2 is 5000 – 10,000 times more estrogenic than nonylphenol (data not 

shown). The difference in potency is balanced, at least in part, by the relatively large 

expected concentration of nonylphenol in wastewater and wastewater effluent. Thus, by 

expressing estrogenic activity in terms of an equivalent EE2 concentration, it is possible 

to speculate on the contribution of nonylphenol to the YES bioassay response. Here, a 

factor of 1/7500 was applied to convert nonylphenol measurements to EE2-equivalent 

concentrations. In the JWPCP influent, for example, the nonylphenol concentration was 

5.90 × 105
 ng/L, for an EE2-equivalent concentration of 79 ng/L. Estrogenic activity in 

the same sample, expressed as an EE2- equivalent concentration, was 370 ng/L, so that 

the measured nonylphenol concentration accounted for just over 20 percent of the 

estrogenic activity. In the plant effluent, nonylphenol accounted for just 2 percent of the 

estrogenic activity. Results suggest that nonylphenol is removed with greater efficiency 

than other components of estrogenic activity during conventional wastewater treatment, 
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perhaps because the affinity of nonylphenol for organic-rich solids is greater than those 

of most other estrogens and estrogen mimics. In this analysis, possible matrix effects 

during YES measurement and possibility of synergy or antagonism among compounds 

contributing to estrogen activity was ignored.   

 The nonylphenol concentration was estimated at 1300 µg/g in the dried dewatered 

cake at JWPCP, and the estrogenic activity was 600 ng EE2/g in the same sample  

(Figures 3.4, 3.5). Consequently, nonylphenol accounted for perhaps 30 percent of the 

extractable estrogenic activity in the dewatered cake. Evidently, nonylphenol is an 

important component of estrogenic activity in the JWPCP wastewater and solids.  
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Wastewater 
influent 

Influent: 
Flow rate: 350 
MGD 
Water content: 1.0 
 
Concentration: 
EE2 EQ: 1.25nM 
NP: 590 µg/L 
 
Flux:  
EE2 EQ: 492 g/day 
NP: 775kg/day 
 

Primary 
clarifiers 

Conventional 
reactors 
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Preliminary 
treatment 

Effluent 
 (To ocean) 

Figure 3.3 Mass balance of estrogenic activity and nonylphenol during the wastewater treatment at JWPCP. 

Effluent: 
Flow rate: 350 
MGD 
Water content: 1.0 
 
Concentration:  
EE2 EQ: 0.089nM 
NP: 40 µg/L 
 
Flux:  
EE2 EQ: 35.6 g/day 
NP: 53kg/day 
 

Primary sludge:  
Flow rate: 3.5 MGD 
Water content: 
0.968 
 
Concentration: 
EE2 EQ: 237ng/g 
NP: 1150 µg/L 
 
Flux:  
EE2 EQ: 101 g/day 
NP: 486.2kg/day 
 

WAS: 
Flow rate: 1.10 
MGD 
Water content: 
0.944 
 
Concentration: 
EE2 EQ: 300ng/g 
NP: 286.6 µg/L 
 
Flux:  
EE2 EQ: 68 g/day 
NP: 66.8kg/day 
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Figure 3.4 Mass balance of estrogenic activity and nonylphenol during the sludge handling processes at JWPCP. 

Primary sludge: 
Flow rate: 3.5 
MGD 
Water content: 
0.968 
 
Concentration: 
EE2 EQ: 237 ng/g 
NP: 1150 µg/L 
 
Flux:  
EE2 EQ: 101 
g/day 
NP: 486.2 kg/day 

Anaerobic 
digester 

WAS:  
Flow rate: 1.1 
MGD 
Water content: 
0.944 
 
Concentration: 
EE2 EQ: 
300ng/g 
NP: 286.6 µg/L 
 
Flux:  
EE2 EQ: 68 
g/day 
NP: 66.8 kg/day 

Centrate: 
Flow rate: 4.16 
MGD 
Water content: 
1.0 
 
Concentration:  
EE2 EQ: no data 
NP: 2740 µg/L 
 
Flux:  
EE2 EQ: no data 
NP: 43.2 kg/day 
 

Dewatering 
operation 

Dewatered cake: 
Flow rate: 1650 
wet ton/day 
Water content: 
0.737 
 
Concentration: 
EE2 EQ: 590 ng/g 
NP: 1320 µg/L 
 
Flux:  
EE2 EQ: 234 
g/day 
NP: 520.5 kg/day 

Digested sludge: 
Flow rate: 4.6 
MGD 
Water content: 
0.975 
 
Concentration: 
EE2 EQ: 740 ng/g 
NP: 1190 µg/L 
 
Flux:  
EE2 EQ: 326 
g/day 
NP: 520.9 kg/day 
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Figure 3.5. Mass balance of estrogenic activity and nonylphenol during the composting process at JWPCP. 
 

 

 

 

 

 

Dewatered cake composted: 
Flow rate: 550 wet tons/day 
Water content: 0.737 
 
Concentration: 
EE2 EQ: 590 ng/g 
NP: 1320 µg/L 
 
Flux:  
EE2 EQ: 78 g/day 
NP: 173.5 kg/day 

Composting operation 
 (650 tons/ year) 

Composted biosolids: 
Amount: 550 wet tons/day 
Water content: 0.169 
 
Concentration: 
EE2 EQ: 44 ng/g 
NP: 314.0 µg/L 
 
Flux:  
EE2 EQ: 18 g/day 
NP: 130.2 kg/day 
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 At HTP, the one-time sampling effort indicated that there is little loss of 

estrogenic activity during thermophilic sludge digestion and subsequent dewatering 

operations (Figure 3.6). The daily mass flux values obtained for nonylphenol and 

estrogenic activity suggest that thermophilic sludge digestion probably offers little 

advantage in terms of estrogen and particularly nonylphenol destruction. The through-

digestion increase in nonylphenol could have arisen from the nature of the experimental 

design (one-time grab samples), or from conversion of ethoxylated nonylphenol forms to 

nonylphenol during digestion (Ahel et al., 1994). A modest reduction in estrogenic 

activity is apparent in the data. Additional data collection is warranted to confirm this 

result. 
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Figure 3.6. Mass balance of estrogenic activity and nonylphenol during the sludge handling processes at HTP. 

 

 

Primary sludge: 
Flow rate: 2.17 
MGD 
Water content: 
0.961 
 
Concentration: 
EE2 EQ: 223 ng/g 
NP: 915 µg/L 
 
Flux:  
EE2 EQ: 72.6 
g/day 
NP: 298 kg/day 

Anaerobic 
digester 

WAS:  
Flow rate: 0.93 
MGD 
Water content: 
0.965 
 
Concentration: 
EE2 EQ: 465 
ng/g 
NP: 715 µg/L 
 
Flux:  
EE2 EQ: 57.8 
g/day 
NP: 88.8 kg/day 

Centrate: 
No data 

Dewatering 
operation 

Dewatered cake: 
Flow rate: 800 
wet ton/day 
Water content: 
0.683 
 
Concentration: 
EE2 EQ: 544 
ng/g 
NP: 1286 µg/L 
 
Flux:  
EE2 EQ: 125 
g/day 
NP: 296.1 kg/day 

Digested sludge: 
Flow rate: 
3.1MGD 
Water content: 
0.98 
 
Concentration: 
EE2 EQ: 620 ng/g 
NP: 1289 µg/L 
 
Flux:  
EE2 EQ: 144 
g/day 
NP: 299.5 kg/day 
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4. FATE OF ESTROGENIC ACTIVITY AND NONYLPHENOL DURING EFFLUENT 

POLISHING PROCESSES 

4.1 Introduction 

Chronic exposure to estrogenic contaminants in waters affected by the discharge of 

municipal wastewater effluent has led to abnormal development in exposed fish species 

(Jobling et al., 1998; Jobling et al., 2002). At concentrations of 0.2-0.5 ng/L, 17ß-

estradiol (E2, the primary human estrogen) can initiate vitellogenesis in exposed juvenile 

and male fish. Thorpe et al. (2003) observed vitellogenin production among adult male 

trout that were continuously exposed to 17α-ethinyl estradiol (EE2, an oral contraceptive 

ingredient) at 0.1 ng/L. At high levels, on the order of 1 µg/L, continuous exposure of 

juvenile rainbow trout produced a variety of malformations including complete sex 

reversal (conversion of males to females) (Urushitani et al., 2002). The highest 

concentration of E2 measured in the recent USGS reconnaissance of US surface waters 

was 93 ng/L, in an effluent-dependent stream (Kolpin et al., 2002).  

Nonylphenol (NP) isomers are present in wastewater effluent primarily as 

metastable intermediates from the biodegradation of nonylphenol polyethoxylates 

(NPEO).  NPEO are major ingredients in detergents and other widely used solvents.  NP 

is considerably more resistant to biochemical transformations than are NPEO (Ahel et al., 

1996; Machala and Vondracek 1998; Fujita et al., 2000).  NP is among the known 

estrogen mimics, although its estrogenic potency is 3-4 orders of magnitude below that of 

E2 (Soto et al., 1991; Nakada et al., 2004).  The highest concentration of NP measured in 
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the USGS survey was 40 µg/L, in a sample taken from the Santa Cruz River immediately 

downstream from the effluent discharge points in Tucson (Kolpin et al., 2002).        

 Treated wastewater effluent is commonly discharged into surface waters, or used 

to recharge local ground waters. Each receiving water provides some ability to neutralize 

residual contaminants including trace contaminants. At some point, discharged 

wastewater effluent becomes a water resource and is either intentionally or inadvertently 

reused, sometimes for potable purposes. Understanding the fates of estrogenic 

compounds following effluent discharge is of great significance in this context.   

 The hydrophobic character of estrogenically active wastewater organics suggests 

that compounds that contribute to estrogenic activity in effluent will partition to organic-

rich solids when such water is used for aquifer recharge. Following their adsorption on 

solids, biodegradation or incorporation into soil humus may result in permanent loss of 

estrogenic activity. Photodegradation may also play an important role in reducing the 

estrogenic activity of wastewater effluent in surface waters.  

 Pima County Wastewater Management operates two major wastewater treatment 

facilities- Roger Road Wastewater Treatment Plant (RRWWTP) and Ina Road Water 

Pollution Control Facility (IRWPCF). The effluent from these two wastewater treatment 

facilities is either recharged at Sweetwater Recharge Facility or discharged into the Santa 

Cruz River. The objectives of this study were to investigate (1) the mechanisms and 

sustainability of estrogenic contaminant removal during infiltration process; and (2) the 

natural attenuation of estrogenic activity and nonylphenol during the surface transport 

along the Santa Cruz River. 
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4.2 Materials and Methods 

4.2.1 Site description   

RRWWTP receives daily average flows of approximately 36 MGD from a 

population of 526,000. Treatment at RRWWTP starts at the headworks with screening 

and degritting followed by primary clarification. Primary effluent is then pumped over 

two 25-foot-tall, 125-foot-diameter biotowers. Effluent from the biotowers is further 

treated in aeration basins prior to clarification. Secondary effluent is discharged as class 

B reclaimed water to the Santa Cruz River following chlorination and dechlorination. In 

2005, about 3.6 ×107 m3 (29,000 acre feet) was discharged into the Santa Cruz River, the 

rest of the effluent (1.6 × 107 m3 or 13,000 AF) was diverted to the sweetwater recharge 

facility (see below).   

The population served by the IRWPCF is 265,000 and the average daily flow is 25 

MGD. The preliminary and primary treatment processes at IRWPCF are identical to 

those at RRWWTP, but a pure-oxygen activated sludge process is employed instead of 

biotowers. All the effluent from this facility is discharged into the Santa Cruz River. In 

2005, the amount of effluent discharged was about 3.1 ×107 m3 (25,000 acre feet).   

The SRF was built in 1990 and consists of eight recharge basins (RB-1, through 

8) and surface wetlands. The infiltration basins cover 28 acres and the wetlands cover 18 

acres (Figure 4.1).  The water table is 120ft below land surface (BLS). The SRF currently 

recharges 6,500 acre-feet of effluent per year and can provide 23 million gallons of 

reclaimed water from the SRF per day via on site extraction wells.  RB-1 was among the 

four original infiltration basins.  RB-5 through 8 were added last in 1997.  The facility 
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was designed to polish wastewater effluent and replenish the local aquifer during periods 

in which recharge capacity exceeds reclaimed water demand (winter).  Infiltrate is 

recovered and used for landscape irrigation during periods of peak demand (summer).  In 

normal operation, the basins are flooded for 2-4 days, followed by a four-day dry period 

to desiccate surface sediments and reestablish sediment porosity and infiltration rate.  
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Sweetwater Recharge Facilities 
 

RB = recharge basin 
EW = extraction well 

 
Figure 4.1. Schematic of the Sweetwater Recharge Facility and other Related Facilities. 

 

The Santa Cruz River is an effluent-dependent stream. It receives treated 

wastewater effluent from RRWWTP and IRWPCF as the primary water sources, 

although it is impacted by the rainfall events, especially during the summer months. In 

dry weather, the river flows northwest for about 30 miles from the Roger Road 

WR-199A 

MW-5 
• 

• 
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Wastewater Treatment Plant outfall when it is exhausted from the combined effects of 

infiltration and evapotransporation. River infiltrate is recovered primarily to irrigate 

agricultural lands along the river. 

 

4.2.2 Sampling   

At SRF, Water samples were taken from RB-1 and from monitoring wells 

screened at 12-15 ft (3.7 – 4.6m) BLS (MW-5) and 130 ft (40m) BLS (WR-199A).  

Relatively small water samples (<0.5 L) were obtained from a series of suction samplers 

in RB -1 at depths from 2.5 to 80 feet (0.75 – 25m) BLS, filtrated through 0.45 µm 

membrane filters (Millipore) and stored at 4°C pending analysis. Sediment samples were 

taken from seven depths within the top meter of RB-1 and RB-8 in July 2003.  A pit was 

excavated to 1-m depth.  Sediment samples were taken from one of the vertical sides at 

depths from the surface to 85 cm.  Gravel and cobbles were removed using a 2-mm 

screen.  Particles < 2.0 mm were air dried and size sorted through sieves of 0.70 mm, 

0.50 mm and 0.25 mm.  Separated soil fractions were stored at 4°C pending extraction 

and analysis. 

 Sampling sites along the Santa Cruz River were chosen based on ease of access, 

coverage of the river stretch of interest (from the Roger Road WWTP outfall to the point 

at which the flow disappears), and the presence of fine sediment on the river bed. At each 

sampling point, surface water samples (2 L per site) were collected in July 2004, filtrated 

using 0.45µm membrane filters (Millipore) and stored in the refrigerator (<4°C) pending 

analysis. At any site where a water sample was collected, a surface sediment sample was 
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collected at the same time. Sediment samples were dried and saved in glass jars in the 

refrigerator (<4°C). The approximate locations of all sampling sites (SC-1 through SC-7) 

are shown in Figure 4.2. Distances to all sampling sites from SC-1,  which is close to the 

intersection of El Camino de Cerro Road and the Santa Cruz River, were estimated as 

below: SC-2: 4.0; SC-3: 7.0, SC-4: 10; SC-5: 16; SC-6: 19.5; SC-7:21.5 miles. 

 

4.2.3 Chemicals  

Organic solvents were HPLC grade (VWR Scientific) and used as obtained.  

Nonylphenol, tech. 29,085 [84852-15-3] (Aldrich) was obtained as a mixture of isomers 

in unknown proportion.  17α-ethinyl estradiol (Aldrich) was used as obtained.  For 

sampling, all glass containers were acid washed and muffled at 500°C for >5 hours. 

 

4.2.4 Measuring nonylphenol and estrogenic activity 

Surface sediment from the Santa Cruz River and stratified samples of basin 

sediments collected at SRF were extracted using the MAE procedure (Chapter 3). 

Sediment samples collected from both the SRF and the Santa Cruz River were sieved-

sorted into fractions (<0.25mm, 0.25mm-0.5mm, and 0.5-0.7mm) and weighed. Before 

extraction, composite samples were obtained by mixing the sorted sediment samples to 

reproduce the original size-fraction (mass) ratios in order to make the sample 

representative. Up to 10 g of each sample was extracted. The extracts were redissolved in 

Ultrapure water and concentrated on C-18 resin. The protocols of sample extraction, 
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cleanup and determination of estrogenic activity and nonylphenol were as described in 

Chapter 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.2. Wastewater treatment facilities and sampling sites along the Santa Cruz 
River. 
 

 Filtered water samples were loaded directly on to the C-18 disks. Subsequent 

steps leading to the determination of estrogenic activity and nonylphenol were the same 
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as those used to measure NP and estrogenic activity in solid samples (Chapter 3). Results 

were used to establish the probable fate of NP and estrogenic activity during effluent 

polishing processes (infiltration and river transport).  

 

4.2.5 Measurement of fractional organic carbon. 

Mass fractions of organic carbon (foc) in solid samples were measured by the 

Water Quality Center (WQC) Laboratory at the University of Arizona using a NA 1500 

N-C-S analyzer (Carlo Erba).  After sample combustion, CO2 is separated from other gas-

phase products via gas-solid chromatography.  The nominal (manufacturer’s) method 

sensitivity is 0.01% as C, although the actual detection limit is a function of sample mass.  

The pre-weighed sample (2-50 mg) is introduced under He into the furnace at 1000º C.  

Ultrapure O2 is then injected into the furnace, and the resultant combustion products are 

separated on Porapak QS (ro/100) solid phase in a 2 m × 6.35 mm teflon column.  The 

carrier gas was helium (90 mL/min) and oven temperature was 85º C.  CO2 is measured 

using a thermal conductivity detector.  

 

4.2.6 Measurement of DOC 

DOC in the Santa Cruz River water samples was measured using a Shimadzu 

TOC-5000 Total Organic Carbon Analyzer. Before the measurements, samples were 

acidified to pH 2 with 2N HCl and sparged for four minutes with hydrocarbon-free 

(ultrapure) air.  Samples were then repeatedly analyzed until 3 successive measurements 

produced a coefficient of variation <0.02.  The practical detection limit of the TOC 
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analyzer, as configured in this procedure is estimated at 0.5mg/L.  Standard solutions of 

potassium hydrogen phthalate (2.5, 5, 10, and 20mg/L-C) were included with each run, 

and sample results converted to carbon concentrations using a standard curve that was 

obtained via linear regression. 

 

4.3 Results and Discussion 

4.3.1 Fate of estrogenic activity and Nonylphenol during infiltration for groundwater 

recharge with treated effluent  

i) Aqueous-phase measurements.  Estrogenic activity in RRWTP effluent 

decreased by about 85%, from 2.6 ng/L (EE2eq) to below 0.41 ng/L after percolation 

through 4.6m (15 ft.) of consolidated sediment and remained essentially constant at 

greater depths down to the water table at 37m BLS (Figure 4.3). Loss of estrogenic 

activity was not due to dilution with native groundwater (Quast et al., 2001).  Most of the 

observed reduction in estrogenic activity occurred in the first meter of sediment.   
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Figure 4.3. Profile of aqueous-phase estrogenic activity (expressed as EE2 equivalents) 
during the infiltration of secondary effluent from the RRWTP in recharge basin 1 at SRF. 

  

Concentration of NP in both the pond water and samples from lysimeters at 2.5 ft 

BLS were measured twice in both RB-1 and RB-8. Total aqueous-phase NP in secondary 

effluent also decreased markedly during passage through the first 0.75m of sediment at 

SRF, from 79 µg/L to 9.3 µg/L.  Nonylphenol is among the more hydrophobic trace 

organics that contribute to estrogenic activity in  municipal wastewater effluent (Table 

2.1).  Nevertheless, data (from others) regarding the attenuation of 17ß-estradiol (E2) and 

estriol (E3) suggest that those compounds are also retained on organic-rich sediments. 

Mansell and Drewes (2004) used HPLC-ELISA to monitor E2 and E3 during the 

infiltration of secondary effluent at the SRF.  The concentration of E2 decreased from 7.2 

ng/L to 1.8 ng/L during percolation through the first 4.9m of sediment and fell below the 

method detection limit (0.4 ng/L) before water reached the unconfined aquifer at about 

120 ft. (36.58 m) BLS.  The concentration of E3 was 21.3 ng/L in the spreading basin and 

fell below the method detection limit (0.6 ng/L) at the 16 ft (4.9m) depth. 
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 ii) Soil Characteristics. Sieve size distributions corresponding to cobble-

free surface soils from RB-1 and RB-8 (top 20 cm) indicate that from 35-45% of the soil 

mass was in the size class >2.0 mm (Figure 4.4).  This size class increased as a 

percentage of total soil mass with depth in the top meter of sediment in each basin.  The 

fraction of soil mass in the smallest size classification (<0.70 mm) was highest at the 

basin surface and decreased monotonically with depth, from 30-40% of dry weight in the 

0-3 cm sample to 5-15% at 80-85cm. The <0.25, 0.25-0.50, 0.50-0.70 and 0.70-2.0mm 

size classes were combined to produce a single sample of sufficient mass for MAE and 

organic carbon determination.   

 Profiles of foc versus depth indicate that organic levels in RB-1 and RB-8 were 

comparable (Figure 4.5).  The fractional organic carbon generally decreased from 0.3 to 

0.5% at the surface to 0.1% at a depth of 30cm.  Below that level, foc was essentially 

uniform to the 80-cm depth. The foc value of the sample at 16-19 inches depth from RB1 

was apparently out of the general trend, the value was confirmed during a duplicate 

measurement.  
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Figure 4.4.  Soil particle size distribution as a function of depth (top meter) at SRF basins 
(a) RB-1 and (b) RB-8.  Fractions were determined for sediment samples that were free 
of cobbles > 2 cm. 
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Figure 4.5.  Fractional organic carbon (foc) versus depth in RB-1 and RB-8 near-surface 
sediments at the SRF. 
 

The infiltration schedule may be responsible for minor temporal or inter-basin 

differences in foc values.  That is, an increase in foc should be expected during wetting 

periods due to biofilm growth and algal deposition, particularly near the basin surface, 

where dissolved oxygen and nutrients levels permit rapid microbial growth.  During the 

intervening dry periods, which are used to desiccate surface sediments and restore basin 

infiltration capacity, foc should decrease.  Since basins were necessarily sampled when 

dry, it is likely that foc values reach levels higher than those shown during infiltration 

periods. 

iii) Nonlyphenol profiles.  Extractable NP decreased rapidly with depth in the top 

15 cm of both infiltration basins (Figure 4.6).  The highest value measured was about 10 

µg/g, near the RB-8 surface.  Below the 20-cm depth, NP levels were essentially constant 

at about 2 µg/g.   
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Figure 4.6. Nonylphenol concentrations (µg/g dry sediment) in sediment taken from RB-
1 and RB-8 at the SRF. 

 
Inter-basin comparisons indicate that NP does not accumulate on infiltration basin 

sediments with time.  That is, although the rapid loss of NP from basin infiltrate suggests 

that adsorption (particularly on organic-rich surface sediments) is the primary removal 

mechanism, the similarity of NP profiles in RB-1 and RB-8 indicates that contaminant 

adsorption is balanced by biological removal mechanisms.  By extension, other trace 

organic contaminants with similar or faster biochemical transformation kinetics probably 

do not accumulate to any great extent in SRF basin sediments.  It seems more likely that 

basin profiles of NP and other hydrophobic compounds achieve a near-steady condition 

in which rates of mass transfer from infiltrate to sediments are roughly balanced by the 

rate of biodegradation of contaminants or by their incorporation into soil humus.   

iv) Estrogenic Activity.  Soil profiles of extractable estrogenic activity closely 

paralleled spatial patterns in foc and extractable NP (Figure 4.7).  In both RB-1 and RB-8, 

peak estrogenic activities were observed at the basin surface, decreasing rapidly to values 
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approaching the method detection limit (0.01 ng/g) below the 20-cm depth.  The highest 

activity measured (both basins) was an EE2 equivalent concentration of 0.40 ng/g.  Below 

the 20-cm depth, estrogenic activity values were in the range 0.02-0.06 ng/g in both  

basins. 

 

 

 

 

 
 

 

 

 

 

Figure 4.7. Depth-dependent estrogenic activity (equivalent EE2 concentration in ng/g dry 
sediment) in sediments from RB-1 and RB-8 at the SRF. 

 

v) Mass Balances.  If, as indicated here, 70 µg/L of NP is removed during 

infiltration of RRWTP effluent through the top meter of sediments, conservation of NP 

would result in an annual accumulation of more than 3 µg NP per gram of dry sediment.  

The calculation uses SRF-reported recharge volumes and basin areas yielding a hydraulic 

loading of 71 m3/m2·yr and a dry bulk density of 1.7 g/cm3 for basin sediments.  The 

exercise suggests that the mass of extractable NP in SRF surface sediments represents a 

small fraction (5.0% in RB-1 and 10.8% in RB-8) of the total NP removed during 
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infiltration basin life (Figure 4.8a). The missing mass may be biodegraded or 

incorporated into soil humus.   

In some respects, the analysis is conservative.  The mass of extractable NP in the 

top meter of RB-1 or RB-8 sediments is calculated assuming that all sediment particles 

are < 0.7 mm.  In fact, up to 70% of the cobble-free sediment mass is in the > 0.7 mm 

size fraction.  The mass of adsorbed NP in the larger particles is significantly smaller than 

that in the fine particles. To illustrate this issue, surface sediments collected from RB – 1 

was measured at USGS National Water Quality Laboratory in October, 2004 following 

the USGS GC method (Burkhardt et al. , 2005). Concentrations of nonylphenol and 

parent compounds (NP1EO and NP2EO) in fraction of the fine particle (0 – 0.7 mm) 

were 5.6 µg/g (4 – NP), 2.9 µg/g (NP1EO), and 3.8 µg/g (NP2EO), while in the fraction 

with larger particles (0.7 – 2 mm), concentrations were 2.2µg/g (4- NP), 1.2µ (NP1EO), 

and 1.7µg/g (NP2EO). The lower concentration in the larger particles is probably due to 

lower mass fraction of organic or smaller specific surface area available for adsorption or 

both. Thus, the calculation procedure used here may ove restimate residual NP levels 

(normalized to total sediment mass) in SRF surface sediments by a factor of 2-3 when the 

mass of the large sediment fraction is considered. 

A similar exercise was carried out based on the observed reduction of estrogenic 

activity during percolation.  About 90% of the estrogenic activity in secondary effluent is 

removed in the top meter of sediments. Again, a small fraction of the cumulative mass of 

estrogenic compounds (2.9% in RB-1 and 6.5% in RB-8) is accounted for in the top 



106 

 

meter of basin sediments based on measured estrogenic activities in extracts originating 

from the top meter of material (Figure 4.8b).  The analysis is similarly conservative. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. (a) Comparison of cumulative NP mass adsorbed versus NP mass extracted 
from surface sediments in RB-1 and RB-8 at the SRF.  Adsorbed mass was calculated 
based on NP removals during infiltration; (b) A similar comparison for estrogenic activity 
in terms of equivalent masses of EE2. 
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Under steady conditions, the rate of disappearance of NP from SRF sediments 

must equal the rate of NP addition via sorptive removal from basin infiltrate.  That is,                  

 

( )
b bin out A

dS
V Q C C r V

dt
ρ ρ= − + = 0   (4-1) 

 

Where: V is the size of the control volume   (L) 
  

b
ρ is the dry bulk density of the sediment   (kg·L-1) 

  S is the concentration of NP on basin sediments (µg·kg-1) 
Q is the rate secondary effluent is applied to  

         the control volume    (L·yr-1) 
  C is the aqueous-phase concentration of NP in 
   fluid entering or leaving the control volume (µg·L-1) 
  and, rA is the rate of NP loss from sediments due 
   to biotransformation and incorporation into 
   soil humus     [µg·(kg·yr)-1] 
 

Here it is assumed that the top 20 cm of sediments (the control volume for this 

balance) is well mixed and has an average NP concentration of 5.5 µg/g (Figure 4-6).  If 

the aqueous-phase concentration of NP decreases by 70 µg/L during infiltration through 

the top 20 cm of sediment, then the rate of addition of NP per unit area of spreading basin 

can be calculated from the known infiltration rate.  Transformation kinetics for sorbed NP 

are assumed to be first order in NP so that,  

 

Ar kS= −      (4-2) 

 
 Where:  k is the (combined) first-order rate constant for   
    processes that contribute to NP loss  (yr-1) 
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With these simplifications, it is possible to calculate k and the half-time for NP loss from 

SRF sediments.  It is estimated that k = 2.6 yr-1 and t½ = ln2/k ?  0.26 years. 

The analysis suggests that NP does not accumulate to high levels on SRF 

sediments because it is biodegraded or permanently incorporated into soil humus on a 

time scale of months to years.  NP breakthrough and consequent groundwater 

contamination is an unlikely impediment to sustainable infiltration of secondary effluent 

for groundwater replenishment at the SRF.  Results of the exercise are consistent with a 

scenario in which NP is rapidly sorbed to sediment particles on a time scale of hours to 

days, then biodegraded/converted to humus over months to years, thus renewing the 

sorptive capacity of basin sediments.   

Rates of addition and disappearance of estrogenic activity were analyzed in a 

similar fashion – that is, by assuming that the sorbed concentration of estrogenic 

compounds was steady in the top 20 cm of sediments.  Results suggest that the half-time 

for disappearances of estrogenic activity (EE2eq) is about 0.75 years.  Again, the analysis 

suggests that the primary sources of estrogenic activity in municipal wastewater effluent 

are removed by sorption during managed infiltration for groundwater replenishment.  

Sorbed compounds are then biodegraded or rendered non-extractable (via MAE) on a 

time scale of months to years.  The compounds responsible for estrogenic activity are 

greatly and permanently attenuated within the top few meters of sediments during the 

infiltration process. 

Preliminary work with the YES bioassay established the relative estrogenic 

activities of individual compounds (Table 2.1).  EE2 is 5,000 to 10,000 times more 
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estrogenic than NP, based on EC50 values for the two compounds.  Routledge and 

Sumpter (1996) found that EE2 was 7,100 times more potent than NP, again using the 

YES bioassay.  Here, a value of 7,500 was selected to convert NP measurements to 

equivalent EE2 concentrations.  Thus, 79 µg/L of NP (the measurement for total NP in 

RRWTP effluent) is equivalent to an aqueous-phase EE2 concentration of about 14 ng/L.  

This is about five times the estrogenic activity measured in RRWTP effluent using the 

YES bioassay (Figure 4-3).  In sediment extracts from the SRF, the highest NP 

measurements were equivalent to 1.3 ng/g of EE2, or three times the estrogenic activity 

measured in the same extracts.  At sediment depths approaching 1 m, aqueous phase NP 

concentrations were equivalent to 0.25 ng/L of EE2, again roughly five times the 

measured estrogenic activity in extracts.  The exercise highlights the potential importance 

of NP as a contributor to estrogenic activity in waters and sediments that are affected by 

the discharge of treated wastewater.  It also suggests that additive models may 

inadequately represent estrogenic activity in chemically complex waters.  The YES 

response may be a complex function of estrogen agonists and antagonists that are 

simultaneously present (Conroy et al., 2005).  Environmental samples may also present 

matrix effects that are difficult to observe using in vitro bioassays (Holbrook et al., 

2005). 

 Near-proportionality between foc and sediment concentrations of NP or estrogenic 

activity is evident from the data.  The equilibrium distribution of organic contaminants 

between ground water and aquifer sediments is frequently modeled using a conditional 

partitioning coefficient (Kp) that is the product of Koc and foc.  Koc is a more fundamental 
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constant of proportionality between equilibrium concentrations in the aqueous and 

(sediment) organic phases. Thus, equilibrium conditions would produce a proportionality 

between sorbed concentrations of organic contaminants and foc if the contaminant 

concentration in the infiltrate were constant with depth.  That is, 

 

p lS K C=                                                                (4-3) 

 

( )oc l ocS K C f=                                                        (4-4) 

 

so that S is proportional to foc, if Cl is constant.  However, aqueous-phase measurements 

indicate that the majority of NP and other estrogenic contaminants in secondary effluent 

are removed in the top meter of sediments, providing a steep concentration profile with 

depth in near-surface sediments. Based on this brief analysis, it seems unlikely that 

aqueous- and solid- phase NP concentrations are near equilibrium in the near surface 

sediments during the infiltration process. 

 Various aspects of infiltration basin operation may affect the sustainability of 

removal of estrogenic activity.  Surface sediments typically experience alternating 

anaerobic/aerobic conditions corresponding to periods of water application and basin 

drying.  Adsorbed contaminants are exposed to a full range of environmental conditions 

and consequent biochemical activities, increasing the likelihood of biotransformation 

even for heavily halogenated hormone mimics such as polychlorinated biphenyls and  

polybrominated diphenyl ethers.  
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There is some evidence that more soluble alkylphenol derivatives such as 

alkylphenol polyethoxylates (APEOs), alkylphenol ethoxycarboxylates (APECs) and 

carboxyalkylphenol ethoxycarboxylates (CAPECs) are transformed to corresponding 

alkylphenols during infiltration through surface sediments (Montgomery-Brown et al., 

2003).  If so, source terms for alkylphenols in the SRF surface sediments may be 

significantly larger than estimated based on effluent measurements alone.  Consequently, 

the half- life of NP in surface sediments may represent an upper limit (see above). 

 

4.3.2 Estrogenic Contaminants in the Santa Cruz River 

      i)  Surface water.      Measured concentrations of estrogenic activity, NP, and DOC in  

surface water samples from the Santa Cruz River are summarized in Figure 4.9. 

Significant water quality improvements occur during surface transport from the 

RRWWTP outfall to the border of Pima County, where water flow effectively ends 

during dry weather. The measured concentration of estrogenic activity in surface water at 

the location of SC-1, which is close to the RRWWTP outfall, was about 25 ng/L (as EE2 

equivalents). Estrogenic activity decreased to 8.3 ng/L, 22 miles downstream. Time of 

travel to that point is estimated at 1-2 days. Thus, the loss of estrogenic activity measured 

by the YES assay was 60-70%.  
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Figure 4.9. Concentration changes of a) estrogenic activity, b) NP and c) DOC following 
the surface transport along the  Santa Cruz River as a function of distance.  
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Nonylphenol concentration decreased from about 40 µg/L to 31.7 µg/L, a decrease of 

about 20%. DOC level decreased by about 40% from 13.4 mg/L to about 8 mg/L over the 

same distance. Due to lack of water velocity in the Santa Cruz River, contaminant decay 

rate was expressed here in the distance of travel. The estimated half lives of estrogenic 

activity and NP were 15 miles and 70 miles respectively. 

        To illustrate the persistence of estrogenic activity and nonylphenol relative to DOC,  

the ratios of estrogenic activity (as EE2 equivalents) and nonylphenol concentration to 

DOC concentration (mg/L) were plotted as a function of travel distance in Figure 4.10. 

The ratio of estrogenic activity to DOC decreased, while NP/DOC ratio increased versus 

traveling distance, highlighting the persistence of NP relative to other components of 

estrogenic activity in these samples. 

 

 

 

 

 

 

 

 

 
Figure 4.10. Ratios of NP concentration and estrogenic activity (EE2 EQ) to DOC in the 
Santa Cruz River as a function of traveling distance from the SC-1 sampling location. 
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        DOC, estrogenic activity and NP could be removed by biodegradation, 

photodegradation or physical removal processes (adsorption, volatilization). The average 

Tucson temperature in July 2004 was 30.4°C, as recorded by National Weather Service. 

The high summer temperature favors biodegradation. However, the river is shallow (less 

than 1-2 ft) over its entire length, increasing the likelihood of photodegradation. Since the 

river bed is rich in organics, adsorption of hydrophobic compounds like NP and various 

steroidal estrogens can’t be ruled out. Because NP is more hydrophobic than any of the 

steroidal estrogens (E1,E2, EE2, E3) that contribute to wastewater estrogenic activity, and 

the reduction in NP concentration was less than estrogenic activity, it seems likely that 

sorptive removal was not the primary mechanism of reduction in estrogenic activity.  

        NP is the degradation product of the parent compounds such as NPnEO and NPnEC. 

The aeration of river water as a consequence of flow implies that an aerobic condition 

was maintained. This should encourage the transformation of NPnEC to NP. NPnEO 

could also be transformed to NP under anaerobic conditions in the river bed sediment, 

although the release of NP to the river seems unlikely. Transformation of this sort may 

contribute to the apparent persistence of NP in the Santa Cruz River.   

 ii) Bed Sediment .  Mass fractions of sediment samples in the particle 

size ranges of <0.25 mm, 0.25-0.50 mm, 0.50-0.70 mm, 0.70-2.0 mm and >2.0 mm were 

measured. Sieve size distributions of bed sediment indicated that >90% of the sediment 

collected was in the range of <2.00 mm. However, sediment distribution among the 

different mass fractions below 2.00 mm varied. Samples taken at SC-3 and SC-5 had 30-

40% of the mass in 0.25-0.50 mm and 0.50-0.70 mm fractions. In all other samples, the 
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majority of mass was in the fraction of 0.7-2.0 mm (40-70%). The mass of sample in the 

fraction of <0.25mm varied from 1% at SC-7 to 22% at SC-1.    

 Measured concentrations of NP, estrogenic activity and foc of the sediment sample are 

 summarized in Table 4.1. Surface sediment samples showed a large variation in organic 

content, which ranged from 0.09% at SC-7 to 1.44% at SC-3. NP concentration ranged 

from 0.50 µg/g at SC-7 to 10.09 µg/g at SC-3. Unexpectedly, extractable estrogenic 

activity was unrelated to either sediment foc or sediment NP content. On the other hand, 

there was a strong correlation between sediment NP content and foc (Figure 4.11). Results 

suggest that NP is not a strong component of extractable estrogenic activity. Peck et al. 

(2004) came to a similar conclusion which showed that the level of estrogenic activity in 

the sediment was similar at both the upstream and downstream sites.  

 

 Table 4.1. Measured estrogenic activity, nonylphenol and foc in the sediment samples  
obtained from the Santa Cruz River. 

Sample ID EE2 Equivalents (ng/g) NP(µg/g) foc (%) 

SC-1 5.24 5.41 0.69 

SC-2 5.14 3.15 0.51 

SC-3 5.19 10.09 1.44 

SC-4 6.11 8.01 1.05 

SC-5 4.19 5.56 0.40 

SC-6 5.70 0.50 0.08 

SC-7 4.53 1.00 0.09 
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Figure 4.11. Correlations between (a) nonylphenol and foc, and (b) EE2 EQ of the 
sediment and  foc. 
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estrogenic activity in the water sample (Figure 4.12a). Regression analysis suggested that 

the measurement was apparently unrelated, since the p-value obtained was 0.959, which 

was significantly higher than 0.05. This observation also applied to NP (Figure 4.12b). 

The concentrations of estrogenic contaminants in the sediments were essentially 

unaffected by water quality. Sediment foc may play a more important role.  
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Figure 4.12. Relations between (a) estrogenic activity, and (b) nonylphenol concentration 
in the sediments and water samples taken along the Santa Cruz River from RRWTP 
outfall to 22 miles down stream. 
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5. MEASUREMENT OF POLYBROMINATED DIPHENYL ETHERS (PBDES) IN 

SLUDGES DERIVED FROM WASTEWATER TREATMENT 

 
5.1 Introduction 

 Polybrominated diphenyl ethers (PBDEs) are synthetic flame retardant additives 

used in a variety of products, such as polyurethane, plastics, electronic circuitry, 

television sets, building materials and textiles. Some polyurethane foam products consist 

of 10-30 wt % of PBDEs to make this material safe for home use (Hale et al., 2002). 

PBDEs can make up from 5% to 30% of the weight of plastics (Darnerud et al., 2001). 

 The chemical structure of PBDEs is close to that of PCBs (Figure 5.1). 

Theoretically, there are 209 PBDE congeners, which are named according to the number 

and positions of the bromine atoms on the two phenyl rings. The number of isomers for 

mono-, di-, tri-, tetra-, penta-, hexa-, hepta-, octa-, nona- and decabromodiphenyl ethers 

are 3, 12, 24, 42, 46, 42, 24, 12, 3 and 1, respectively (WHO, 1994). The pattern of 

substitution affects the property of bioaccumulation, kinetics of photochemical 

decomposition, and biological effects exhibited (Vos et al., 2003; Ciparis, et al., 2004; 

Eriksson, et al., 2004). 

 

 

 

Figure 5.1. Chemical structure of polybrominated diphenyl ether, * denotes most active 
sites of substitution.  
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 The three primary types of BDEs (Penta-, Octa- and Deca-BDEs) are used in 

different commercial products. PentaBDEs are used in polyurethane foam such as in 

mattresses and seat cushions. OctaBDEs are used in high- impact plastics that are used to 

protect fax machines and computers, automobile trim, telephones and kitchen appliances. 

DecaBDE is used in carpet foam pads, television sets, computers, cable insulation, and 

other electronics. 

 The United States is the world's largest producer and consumer of PBDEs, due to 

the stringent regulations for product flame resistance. In 2001, ninety five percent of the 

world’s supply of penta-BDE was used in the North and South America, as were 40% 

and 44% of the world’s supply of octa-BDE and deca-BDE, respectively (Washington 

State, Department of Health). The most widely used PBDE flame retardant in the western 

hemisphere is deca-BDE, which accounted for 71.5% of the total market in 1999. In 

1999, 33965 metric tones of PBDE Penta, Octa and Deca were used (Renner, 2000). 

Since PBDEs are additives and they are not chemically bound to the products, these 

compounds are particularly susceptible to separating or leaching into the environment, 

such as in house hold dust or indoor and outdoor air (ENDS, 1998; de Wit, 2002; Wilford 

et al., 2004).  

       As a result of the ir widespread use, hydrophobic nature, and volatility and 

persistence, PBDEs are ubiquitous in all environmental compartments, including the 

remote Arctic region. Hites (2004) summarized the measured environmental levels of 

PBDEs noting the trends in these data. In human blood, milk and various tissues, total 

PBDE levels have increased by a factor of ~100 during the past 30 years, with a doubling 
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time of ~5 years. In this review, it is pointed that the PBDEs levels in people in the 

United States is as high as ~35 ng/g, while the level in marine mammals from the 

Canadian Arctic is about 5 ng/g, and the concentrations in marine mammals from other 

areas are on the order of 1000ng/g lipid. In a recent survey of PBDEs in U.S. foods, the 

median levels of PBDEs in fish, meat, and dairy products taken from a supermarket in 

Dallas were 1725, 283, and 31.5 ppt, wet weight (Schecter et al., 2004). 

 PBDEs can cause adverse health effects among exposed wildlife and humans by 

interacting with both the estrogen and thyroid hormone systems.  PBDEs have been 

shown to interact strongly with thyroid hormone transport proteins (Meerts et al., 2000) 

and causing neurobehavioral deficits and possibly causing cancer in laboratory animals 

(McDonald, 2002).  In August 2004, the European Union banned the manufacture and 

use of penta-BDEs and octa-BDEs. Deca-BDEs will be the target for regulatory action in 

2008. Several U.S. states, including Maine, California, Hawaii and Washington, have 

also introduced bans on PBDEs. Maine will include decaBDEs in its ban in 2008. 

The lipophilic nature of PBDEs is suggested by the log Kow and solubility values, 

which are summarized in Table 5.1 (Alcock et al., 1999). During wastewater treatment, 

PBDEs accumulate in organic - rich sludges. Because PBDEs are persistent during 

wastewater treatment, the occurrence and fate of PBDEs in sewage sludge and biosolids 

is a concern of broad interest.  Due to the common practice of sludge application on 

agricultural lands, it is also of interest to evaluate the fate of PBDEs after land 

application. The practice of sludge application in the U.S. was summarized elsewhere 

(Chapter 1).  
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Table 5.1. Hydrophobicity and Log Kow values of PBDE congeners, where Kow is the 
octanol-water partition coefficient. 

PBDE congener Log Kow Solubility, mg/L 

DeBDE >5 0.02-0.03 

OcBDE 5.5-8.9 <0.01 

HxBDE 6.86-7.92 4.08E-03 

PeBDE 6.64-6.97 9.0E-07 

TeBDE 5.87-6.16 0.07 

TrBDE 5.47-5.58 0.38 

 

The objectives in this study were: 1) to summarize what is known about i) the sources 

and routes of human and environmental exposure; ii) levels of PBDEs in the 

environment, including animal tissue;  iii) the fate of PBDEs during wastewater treatment 

; and iv) PBDE-related health effects; 2) develop an analytical protocol that can be 

widely deployed without uncommon analytical equipment to quantify environmental 

concentration of the most common PBDE congeners; and 3) employ that protocol to 

establish the fate of PBDEs during solids processing in wastewater treatment plants and 

in soils amended with biosolids from municipal wastewater treatment. 

 

5.2 Principles for measuring PBDEs in Sludges 

  A successful protocol leading to measurement of PBDE congeners in an 

organic-rich solid matrix such as sludges, biosolids or soils in which biosolids have been 

used as a soil amendment must overcome several important obstacles. First, the 
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hydrophobibicity of all PBDEs ensure that all compounds in this class partition 

preferentially into an organic-rich solid phase. An aggressive extraction protocol is 

necessary to ensure the analyte is effectively and quickly extracted from that phase. 

Because the extraction protocol is necessarily aggressive, it is likely to result in the co-

extraction of a large amount of interferences. The overall protocol should eliminate these 

interferences effectively. Since the electron capture detector (ECD) provides an 

exceptionally sensitive means to indicate the presence of compounds with carbon-

halogen bonds, GC analysis of PBDE congeners should be quantitative at low levels if 

they can be separated. The wide range of molecular weight distribution and low volatility 

of these compounds, however, suggests that specific GC columns, longer separating time 

and higher temperature are necessary to achieve this separation.      

 Either wet or dry samples could be extracted during extraction step when suitable 

solvents are used. Wet samples could be dried by evaporating water at low temperature or 

adsorbed chemically by adsorbents. Sediment samples and sludge samples may contain 

significant amounts of sulfur which could be removed by elemental sulfur or TBA sulfite, 

the organics (lipids) present in the raw extract are removed by either nondescriptive 

(alumina, Florisil, silica) or descriptive (concentrated sulfuric acid and/or KOH) methods. 

PBDEs could be separated by gas chromatography techniques (GC) with certain columns 

and measured by electron capture detector (ECD) or mass spectrometer (MS), while 

higher resolution GC (HRGC) followed by high resolution MS (HRMS) are ideal for the 

determination because of their high selectivity and sensitivity.  
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 The principles for the determination of PBDEs and other brominated flame 

retardants were covered in a recent review (Covaci et al., 2003). Briefly, the analytical 

procedures consist of the following steps: 1) pretreatment, to obtain representative sample 

suitable for subsequent extraction; 2) extraction, during which PBDEs are transferred 

from a solid matrix into a suitable solvent ; 3) cleanup steps designed to eliminate sources 

of interferences including sulfur and organics; and 4) determination, during which the 

compounds are separated by gas chromatography technique  and measured using a 

suitable detector (Figure 5.2).  

 

 

 

 

 

 

 

 

Figure 5.2. Procedures for measuring PBDEs in solid samples. For each step, there are 
alternatives to achieve the objective.   
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5.2.1 Pretreatment (drying) 

 Sludge samples were usually dried before extraction for convenience, although 

wet sample can also be extracted when a water miscible solvent is used. Samples can be 

dried under vacuum at low temperature (freeze-drying), using chemical drying agents 

such as Na2SO4 or water absorbing chemicals such as alumina or silica. Samples can also 

be dried by evaporation at room temperature or in an oven (<40°C). Contamination from 

laboratory air is difficult to avoid  in general. For the non-volatile compounds of interest 

in this study, gas phase exchange was assumed to be negligible. 

 

5.5.2 Extraction 

 During the extraction step, PBDEs were dissolved in an organic solvent. Preferred 

solvents are those that can penetrate the solid organic matrix and provide a high solubility 

for PBDEs. Typical solvents used in the extraction of PBDEs include hexane, toluene, 

hexane/acetone and dichloromethane. Binary solvent mixtures such as hexane : acetone  

(1:1) were found to give best recoveries (de Boer et al., 2001). The dry mass of sample 

extracted can vary from less than one gram to 50 grams. The extraction techniques most 

commonly used include Soxhlet extraction, MAE, accelerated solvent extraction (ASE) 

and supercritical fluid extraction (SFE). Extraction times vary among the extraction 

techniques. When wet samples are extracted, a water-miscible solvent (methanol or 

acetone) is needed. 
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5.2.3 Cleanup 

 Sludge extracts contain many other organic compounds (e.g. humic acids, lipids) 

and elemental sulfur, that can interfere with subsequent analytical determinations. Sulfur 

can be removed by treatment with tetrabutyl ammonium sulphite (TBA-sulfite) (Jensen et 

al., 1997) or Cu (Covaci  et al., 2002). To remove lipids, both destructive and 

nondestructive methods can be used. Nondestructive removal methods include gel 

permeation chromatography (GPC) and column adsorption chromatography using 

inorganic media such as silica gel, alumina or Florisil. The destructive methods include 

the treatment of sample with sulfuric acid and KOH, either directly or using impregnated 

silica columns, organic interfering compounds that are incompatib le with the sulfuric acid 

and/KOH are destroyed. Following the procedures described for several selected EPA 

methods (EPA methods 1613, 1614, 3620B, 3660B, 3665A), the detailed procedure for 

each cleanup step used in this study was as follows: 

 i) Sulfur removal with copper. A known volume of sludge extract was 

evaporated under N2 (gas) down to about 5-10 mL in 40mL glass vials and vortexed 

vigorously for >1 min after 2 g of elemental copper powder was added. Copper powder 

was removed by gravity settling for >10 min. 

 ii) Sulfur removal by TBA- sulfite. To prepare tetrabutylammonium (TBA) 

sulfite, 3.39 g tetrabutylammonium hydrogen sulfate was diluted in 100 mL milliQ water 

and extracted at least three times with 20 mL hexane.  Then 25 g of sodium sulfite was 

added to the aqueous solution. Hexane used in the extraction was discarded. The resulting 

aqueous solution was stored in an amber bottle with a PTFE-lined screw cap in the dark. 
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Sludge extracts treated with copper were concentrated to about 10 mL under N2 (g) in a 

glass vial. Then 2.0 mL of TBA sulfite reagent and 2.0 mL of 2-propanol were added. 

The extract was capped and shaken vigorously for >1 min, before 10 mL of milliQ water 

was added and the sample was shaken again for 1-2 min. After standing for > 10 min, the 

hexane layer (top) was transferred to a clean 40 mL glass vial, and evaporated down to 

approximately 5 mL with N2 (g). No more TBA sulfite was added if the sample was 

colorless or if the initial color was unchanged and if clear crystals (precipitated sodium 

sulfite) were observed. Otherwise, more crystalline sodium sulfite was added until a solid 

residue remained after repeated shaking.  

 iii) Lipid removal by Florisil.  The cleanup step using Florisil consisted of 

the following steps: 1) Activation of Florisil and sodium sulfate. Florisil and anhydrous 

sodium sulfate were baked in the high temperature oven (550°C) for >10 hours and 

stored in the low temperature oven (110°C) pending use. 2) Column packing. Glass 

columns with an inner diameter of 11 mm were packed as follows (from bottom to top): a 

piece of glass wool, 1 g of anhydrous sodium sulfate, 10 g of Florisil, 2 g of anhydrous 

sodium sulfate. 3) Column conditioning. Thirty mL of hexane was used to wash the 

Florisil column before use.  The waste hexane was collected and discarded. 4) Loading 

the extract. The partially processed sludge extract from the previous step was loaded onto 

the Florisil column. 5) Elution of the column. Known amount of solvent was used to elute 

the Florisil column by gravity.  

 iv) Lipid removal with sulfuric acid. This step is an alternative to the Florisil 

separation for sludge samples, but for the sludge amended soil samples, it was proved to 



128 

 

be necessary as a pretreatment step prior to Florisil step. To remove the interfering 

organics, 1mL of concentrated sulfuric acid (98%) was added into the sludge organic 

extract in the 40 mL of glass vial, then vortexed for 1 min gently. After the mixture was 

settled for > 10 min, the top layer (hexane) was transferred to a clean 40 mL vial with a 

glass pipette. The bottom layer was washed with 5 mL of hexane for 3 or more times. 

Combine the subsamples and reduce the sample with N2 to a certain volume.  

 

5.2.4 Determination 

 Although there are 209 congeners, those most frequently detected are BDEs 28, 

47, 99, 100, 153, 154, 183 and 209. This makes it possible to achieve sufficient resolution 

for analysis of all congeners present with a single-capillary column GC. PBDEs are 

readily separated with nonpolar or semi-polar columns such as 100% methyl-

polysiloxane type (DB-1) and 5% phenyl-dimethyl polysiloxane type (DB-5, CP-Sil 8 or 

AT-5) columns. Due to its sensitivity to higher temperature and low volatility, special 

attention should be paid to the separation and detection of BDE 209. The exposure of this 

compound to higher temperature should be restricted either by either reducing the GC 

column length or using a thinly coated capillary column. The preferred length of GC 

column for this compound is 10-15m. The column film thickness should be 0.1~0.2 µm.  

 Mass spectrometers are widely used for the determination of PBDEs. They can be 

operated under either electron ionization (EI) mode or electron capture negative 

ionization (ECNI) mode. Although electron capture detectors (ECD) can also be used, 



129 

 

optimal resolution and sensitivity are achieved by high resolution gas chromatography 

followed by high resolution mass spectrometry (HRGC/HRMS), which is much more 

costly and labor intensive. Major drawbacks of using an ECD to measure PBDEs include 

lack of selectivity, limited linear range of response, low sensitivity and unequal response 

for the different congeners (Allchin et al., 1999; Alaee et al., 2001; Manchester-Neesvig 

et al., 2001). However, ECD still finds application in the measurement of PBDEs due to 

its low cost and ease of operation. 

 

5.3 Materials  

5.3.1 Chemicals and supplies 

 The PBDE Analytical Standard Solution BDE-CSM containing one triBDE (BDE 

28), one tetraBDE (BDE 47), two pentaBDEs (BDE 99, 100), two hexaBDEs (BDE 153, 

154), one heptaBDE (BDE 183) and one decaBDE (BDE-209) was used as the external 

standard. CB-198 and BDE-119 were used as internal and surrogate standards. All 

standard compounds were from AccuStandard Inc. (New Haven, CT). The IUPAC name, 

chemical abstract services registry numbers (CASRN) and stock standard concentrations 

of these standard compounds are given (Table 5.2). Primary working standards (external 

standards) were obtained by 25 times dilution of the stock standard in hexane, the 

concentration of each congener was 800 µg/L excluding BDE-290 which had a 

concentration of 8000µg/L. Different concentrations of surrogate standard and internal 

standard were obtained by serial dilution of the stock standards with hexane according to 

needs. 
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Table 5.2. Standard compounds used in this study. The external standards (all but BDE-
119 and CB-198) were purchased from AccuStandards, Inc. Concentration of compounds 
in stock standards are as indicated. 

IUPAC 

Name 

CASRN Congener 

number 

Concentration 

(mg/L) 

2,4,4’-Tribromodiphenyl ether 49690-94-0 BDE-28 19.86 

2,2’,4,4’-Tetrabromodiphenyl ether 5436-43-1 BDE-47 20.28 

2,2’,4,4’,5-Pentabromodiphenyl ether 60348-60-9 BDE-99 20.28 

2,2’,4,4’,6-Pentabromodiphenyl ether 189084-64-8 BDE-100 20.12 

2,2’,4,4’,5,5’-Hexabromodiphenyl ether 68631-49-2 BDE-153 20.06 

2,2’,4,4’,5,6’-Hexabromodiphenyl ether N/A BDE-154 20.12 

2,2',3,4,4’,5’,6-Heptabromodiphenyl 

ether 

N/A BDE-183 20.24 

Decabromodiphenyl ether 1163-19-5 BDE-209 199.0 

2,3’, 4, 4’, 6-pentabromodiphenyl ether N/A BDE-119 50.0 

2,2’,3,3’,4,5,5’,6-octachlorobiphenyl 68194-17-2 CB-198 35.0 

 

 Hexane, diethyl ether and isopropyl alcohol (HPLC grade), 40mL amber vials 

with PTFE septum, anhydrous sodium sulfate, and Florisil (60-100 mesh) were all 

purchased from VWR. Copper powder (300mesh, 99+ %) was purchased from Alfa 

Aesar. Glass columns with an inner diameter of 11 cm and length of 30 cm were 

purchased from Corning (Corning, NY, USA).  

 

5.3.2. Instrumentation  

 A Hewlett Packard 5890 gas chromatograph equipped with an automatic sampler, 

HP7673 injector, a 30-meter DB-5 column, and ECD was used to measure the PBDE 

concentrations. The mobile phase was ultrahigh purity helium at 60 psi. The GC 



131 

 

temperature program was as follows: initial oven temperature of 100°C, then ramped up 

to 180°C and held for 50min, then ramped up to 240°C and held for 50min, finally 

ramped up to 280°C and held for 20min. All temperature ramping rates were 6°C/min. 

The inlet temperature was 200°C and detector temperature was 275°C. One µL of sample 

was injected for each measurement. The GC was running in splitless mode. 

 

5.4 Methods 

 The PBDE protocol consists of the following steps: extraction, cleanup and 

quantification with GC/ECD. However, the protocol was developed backward; that is the 

development started with the GC/ECD method preparation, with an emphasis on 

temperature program development. After the GC/ECD method was ready for the PBDE 

measurement, sample containing PBDE were prepared and efficiencies of cleanup steps 

were examined with the GC/ECD method developed. The cleanup steps examined 

included sulfur removal with copper/TBA sulfite and organic interferences removal with 

Florisil column/concentrated sulfuric acid. Based on the examination of all cleanup 

alternatives, suitable cleanup methods were chosen. Then a MAE method was applied 

and MAE step was coupled with all other subsequent treatment steps, which makes the 

protocol complete.  

 In this study, a microwave digestion system (CEM MDS-2100) was used. The 

power output setting was 25% of maximum. The solvent was hexane: acetone (1:1). 

Extraction pressure was 20 psi and extraction time was 120 min. Major steps in the 

development of the sample preparation and analytical protocols included 1) development 
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of the GC temperature program to achieve the separation among all standard compounds; 

2) development of cleanup methods to remove interferences co-extracted; 3) evaluation 

of overall protocol performance (extraction and retention during cleanup step) and 4) 

measurement of concentrations in sludge samples from a wastewater treatment plant 

using the same protocol.  

 

5.4.1 Development of GC/ECD temperature program 

 Linearity of GC/ECD response to PBDEs in the range of 40-800µg/L and 

separation of standards compounds (e.g. internal, external and surrogate standard 

compounds) using the given GC column was examined. To develop the temperature 

program separating the external standard compounds, an isothermal temperature program 

of 90 min at 280°C was examined. Then the front temperature was adjusted based on the 

observation of elution pattern of target compounds, final temperature program was as 

illustrated in the previous section (5.3.2 Instrumentation).  With this temperature 

program, the separation among external standards and between internal standard, 

surrogate standard and external standards was achieved and the range of linear response 

of external standards was examined.  

 

5.4.2 Sulfur removal 

 To examine the efficiency of elemental copper in removing sulfur present in the 

sample, 1 g (dry) of digested sludge sample from Ina Road WPCF was extracted with 40 

mL of hexane: acetone (1:1). Ten mL of the sludge extract was treated by copper powder 
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(Section 5.3.1), and then treated with TBA sulfite (Section 5.2.3). The resulting extracts 

were examined by GC/ECD to check the removal efficiency of sulfur.  

  
5.4.3 Lipids (interfering organics) removal   

 i) Treatment with sulfuric acid.  To examine the compatibility of 

sulfuric acid with PBDEs, 1mL of the BDE standard solution (800µg/L for BDE-28, 47, 

99, 100, 153, 154, 183 and 8000µg/L for BDE-209) was mixed with 1mL of concentrated 

sulfuric acid, vortexed for > 1min and allowed to stand overnight in a 40mL vial. The 

next day, the top layer was removed and measured with GC/ECD. The recovery of each 

compound was calculated. To examine the effectiveness of using concentrated sulfuric 

acid to remove interferences, 1 mL of extract of digested sludge collected from Ina Road 

WPCF was reacted with 1 mL of concentrated sulfuric acid after sulfur was removed. 

The sulfur removal technique was described in the previous session. The GC 

chromatogram of the resultant extract was examined after the extract was passed through 

0.22 µm PTFE filter. 

 ii) Cleanup with Florisil column.  The cleanup technique us ing a 

Florisil-packed column was developed in two steps that consisted of a diagnostic 

experiment and a fine fractionation. In the diagnostic step, a Florisil column (10 g) was 

packed following the procedure described above, then 1 mL of the PBDE standard 

solution with known concentration (800µg/L for BDE-28, 47, 99, 100, 153, 154, 183 and 

8000µg/L for BDE-209) was loaded onto the column after conditioning. PBDEs were 

eluted with the following solvents: Fractions 1 and 2: 40 mL of hexane (each); Fraction 3 

and 4: hexane and diethyl either (1:1), 40 mL (each); Fraction 5: 40mL of diethyl ether. 
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The mass of PBDEs in each fraction was measured by GC/ECD after concentration by 

evaporation. In the fine fractionation step, 1mL of the PBDE standard solution (same as 

above) was loaded onto an identical Florisil column (10 g) and fractionated with hexane  

as eluant. Ten fractions (F1 through F10) were generated, each consisting of 20 mL of the 

hexane eluate. The mass of PBDEs in each fraction was measured after concentration and 

recovery of each compound was calculated.   

 

5.4.4 Performance of the PBDE determination protocol 

 i) Effects of cleanup steps on chromatogram interferences.  To determine 

the efficiency of individual cleanup steps, sample quality changes were monitored 

following each treatment step. A raw extract was obtained by extracting 6 mL of wet 

sludge (collected from IRWPCF) with 40 mL of hexane: acetone (1:1) with MAE 

following the MAE protocol described previously. Ten mL of the extract was solvent 

exchanged into hexane and passed through a 0.22 µm PTFE filter membrane. Then 1 mL 

of extract was taken and examined with GC/ECD, the rest extract (9 mL) was treated 

sequentially with copper powder, TBA-sulfite, and Florisil column. The details for each 

treatment step were described in previous sections, after each treatment steps, 1 mL of the 

extract was withdrawn and checked with GC/ECD.  In order to eliminate the effect of 

dilution on the chromatograms, after each treatment, extract was either diluted with 

hexane or evaporated to maintain the same volume as before treatment. Chromatograms 

derived from the processed extract at each steps of treatment were obtained and 

compared.   



135 

 

 ii) Performance of the overall procedure. To check the overall performance of 

the method developed, a spike and recovery experiment was carried out (Figure 5.3).  In 

this experiment, five portions of digested sludge (each 5 mL) were spiked with 0, 200, 

300, 400, 500, 600 µL of the primary PBDE working standard solution described  above, 

which were named “sludge 000” through “sludge 600.” In addition to the external 

standards, a surrogate standard (BDE-119) with was also spiked into each sludge sample. 

The mass of BDE-119 spiked was 0, 248.6, 245.0, 248.9, 226.3, 255.5 µg in sequence. 

These spiked samples were analyzed according to the procedures (Figure 5.3): i) 

extracted following the MAE protocol; ii) sulfur removal by TBA-sulfite; iii) split into 

two equal parts and then treated by sulfuric acid and Florisil separately; iv) adding 

internal standard; and v) examined by GC/ECD. The masses of surrogate standard and 

external standards recovered from each sample were calculated after measurement by 

GC/ECD. 
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Figure 5.3. Experimental procedures of the spike and recovery experiments.   

 

5.4.5 Quantification of PBDEs in solid samples from JWPCP 

 PBDEs concentrations in sludge samples and composted biosolids from JWPCP 

were measured. Sludge samples measured included primary sludge, waste activated 

sludge, digested sludge, dewatered cake, and composted biosolids. Grab samples were 

collected in June 2005. After sample homogenization, ~ 6 mL of subsamples were 

extracted following the MAE protocol described above. For the composted biosolids, 

materials were prescreened with a 4 mm sieve. The mass fraction of materials that passed 
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through the sieve was recorded. The extracts were treated using TBA-sulfite procedure 

described to remove sulfur, then passed through a Florisil column to remove 

interferences. Treated extracts were concentrated by solvent evaporation and measured 

by GC/ECD.   

 

5.5 Results and Discussion 

5.5.1. Elution sequence and linear range of response with GC/ECD for PBDEs analysis 

 Peaks of all PBDE congeners were identified based on their known elution 

sequence of BDE congeners using a DB-5 column (Wang et al., 2005) and the 

identification of BDE-47 with the retention time (Engstrom, 2006). With the GC method 

(Section 5.3.2), retention times for external standards were as follows: 52.75 min (BDE-

28), 74.82 min (BDE-47), 83.54 min (BDE-100), 87.12 min (BDE-99), 99.38 min (BDE-

154), 108.07 min (BDE-153), 131.97 min (BDE-183) (Figure 5.4). The retention times of 

surrogate and internal standards were 85.8 min (BDE-119) and 77.58 min (CB-198) 

respectively. Although a peak for BDE – 209 showed up with the isothermal run at 280 

°C, with the temperature program (Section 5.2.3), the peak for BDE-209 did not show up, 

probably because it degraded at high temperature and the theoretical elution time of this 

compound with the GC column was too long.  
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Figure 5.4. A GC chromatogram showing the response of BDE compounds including an 
internal compound. In this chromatogram, compounds corresponding to each peak were: 
BDE -28 (52.753 min), CB – 198 (77.582 min), BDE – 47 (74.821 min), BDE – 100 
(83.535 min), BDE – 99 (87.119 min), BDE -154 (99.379 min), BDE -153 (108.070 
min), and BDE -183 (131. 966 min).   
 

 Experimental data indicated that GC/ECD response was linear for PBDE standard 

compounds in the range of 40 to 800µg/L, the response factor increased with more 

bromine atom substitution and decreased when the BDE was highly brominated (Figure 

5.5). Additional work proved that in the range above, internal standard and surrogate 

standard compounds also had linear response (data not shown). In subsequent 

experimental work, all standards were made with a concentration falling in this range.  
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5.5.2. Compatibility between concentrated sulfuric acid and PBDEs 

 After 1 mL of primary working standard was reacted with 1 mL of the 

concentrated sulfuric acid, the recovery of PBDE congeners was:  71% (BDE-28), 110% 

(BDE-47), 105% (BDE-100), 86% (BDE-99), 109% (BDE-154), 90% (BDE-153), 

109% (BDE-183). Recoveries indicated that all congeners were stable in the presence of 

strong acid. Concentrated sulfuric acid was used as a cleanup reagent without 

considering BDE reactivity in all subsequent work.  

 

5.5.3 Elution pattern of PBDEs from Florisil column 

 i) Diagnostic experiment. PBDEs were detected in fractions 1 through 4. No 

PBDEs were found in Fraction 5 (Figure 5.6). Congener specific recoveries follow: 

BDE-28 (80.1%), BDE-47 (93%), BDE-99 (93%), BDE-100 (94%), BDE-153 (126%), 

BDE-154 (106%), BDE-183 (92%). The recovery data indicate that there was no 

significant loss of PBDEs during cleanup step in the Florisil column. The presence of 

BDEs in Fraction 1 indicated that hexane is strong enough to mobilize and separate 

PBDEs from the Florisil. That is, there is no need to use solvents more polar than 

hexane, such as diethyl either.  
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Figure 5.6. Mass distribution of (a): BDE-28, 47, 100 and (b): BDE-99, 154, 153, 183 
during the sequential elution from Florisil column. Mobile phase applied to the Florisil 
column sequentially were: 40 mL of hexane (F1), 40 mL of hexane (F2), 40 mL of 
hexane and diethyl ether (1:1) (F3), 40 mL of hexane and diethyl ether (1:1) (F4), and 40 
mL of diethyl ether (F5).  
 

 

 ii) Fine fractionation. PBDEs were detected in fractions 3 through 8 during the 

sequential hexane elution step (Figure 5.7). No PBDEs were found in fractions 9 and 10. 
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Recoveries of each congener follow: BDE-28 (82.1%), BDE-47 (80.0%), BDE-99 

(87%), BDE-100 (78%), BDE-153 (79%), BDE-154 (81%), BDE-183 (96%) 

respectively. Again, recovery data showed that there was no significant loss of PBDEs 

when hexane was used as mobile phase during fractionation. The fractionation pattern of 

PBDEs also indicated that 160 mL of hexane (8 × 20 mL) is enough to elute the BDEs 

out from the 10-gram Florisil as the stationary phase. Organics eluted from the Florisil 

column were negligible compared to retained organics. All fractions were clear and 

colorless, in sharp comparison to the dark brown color of the sludge extracts (Figure 

5.8).  
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Figure 5.7. Elution pattern of BDE mixture from Florisil with hexane as the mobile 
phase: (a) BDE-28, 47, 100 and (b) BDE-99, 154, 153, 183. Each fraction was eluted 
with 20 ml of hexane. It seems that larger molecules of PBDE congeners were eluted 
earlier than small ones. 
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Figure 5.8. Florisil column and sample cleanup: a) schematic showing the principle of 
Florisil cleanup; and sample extract b) before and c) after cleanup using Florisil column. 

 

5.5.4 Performance of the protocol developed 

 i) Effects of sample cleanup on chromatogram interferences. Comparison 

of chromatograms corresponding to extracts at various stages of processing showed that 

the cleanup steps were requisite to successful BDE analysis and could effectively 

remove the interferences. The chromatograph derived from raw sludge extract showed 

that the ECD was saturated in the time window from approximately between 27.0 min to 

58.0 min. During the saturation period, it was impossible to measure any compounds. 

Detector saturation was primarily due to elemental sulfur (Figure 5.9a). Some sulfur was 

removed by the Cu treatment step, as indicated by the color change of copper powder 

after reaction. However the removal was far from complete. GC chromatographs before 

and after Cu treatment were essentially identical (Figure 5.9a and b). The alternative 
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sulfur removal step was by TBA- sulfite (Figure 5.9c), which eliminated the saturation 

time window. However, after sulfur removal, the measurement of PBDEs was still not 

possible due to the presence of organic interferences. Organic (lipid) interferences were 

removed during the Florisil treatment, after which PBDEs were appeared as distinct 

peaks (Figure 5.9d). Retention times of BDE-28, 47, 99, 100, 153, 154, 183 (Figure 

5.9e) matched these of authentic standards.   
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Figure 5.9. (a) typical digested sludge extract chromatogram; (b) the same extract after 
Cu treatment ; (c) the same extract but further treated by TBA-sulfite; (d) further treated 
by Florisil; (e) further spiked with PBDE standards after Florisil treatment.  
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ii) Performance of the overall procedure.  In the spike and recovery experiments, with 

increasing amounts of external standard compounds spiked, greater mass of external 

compounds were recovered. The mass of external compounds recovered against the 

mass spiked gives the recovery efficiency. For each cleanup strategy using either the 

Florisil column or concentrated sulfuric acid, there were seven recovery values 

generated, each corresponding to an external compound. Following the treatment with 

Florisil column, overall recoveries of the whole procedure were as follows: 91% (BDE-

28), 131% (BDE-47), 124% (BDE-99), 79% (BDE-100), 63% (BDE-153), 72% (BDE-

154) and 66% (BDE-183) (Figure 5.10). Similarly, the mass of a surrogate standard 

compound (BDE-119) was measured in all subsamples spiked, calculated recoveries 

were: 86%, 85%, 102%, 97% and 95%. In parallel, recoveries using concentrated 

sulfuric acid in the cleanup step were obtained. The procedure recoveries were 100% 

(BDE-28), 128% (BDE-47), 150% (BDE-99), 95% (BDE-100), 82% (BDE-153), 109% 

(BDE-154) and 83% (BDE-183) (Figure 5.11). The recoveries of the surrogate standard 

spiked in the subsamples following treatment with concentrated sulfuric acid were 

120%, 104%, 142%, 100% and 133%.  In all experiments, the recoveries of BDE-209 

were not obtained due to the limitation of instrumentation. The spike and recovery 

experiment indicated that the extraction step with MAE was effective to recover the 

PBDE congeners from the sludge matrix, and analytes survived the cleanup steps using 

TBA-sulfite to remove sulfur and using either Florisil and/or concentrated sulfuric acid 

steps to remove organic interferences. Following either TBA-sulfite-Florisil or TBA-

sulfite-concentrated sulfuric acid, the sample extracts were purified. 
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Figure 5.10 Recovery of PBDEs in the overall procedure with Florisil 
column in the cleanup step for organics. (a) BDE-28; (b) BDE-47; (c) 
BDE-99; (d) BDE-100; (e) BDE-153; (f) BDE-154; (g) BDE-183 
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Figure 5.11 Recovery of PBDEs in the overall procedure with concentrated 
sulfuric acid in the cleanup step for organics. (a) BDE-28; (b) BDE-47; (c) 
BDE-99; (d) BDE-100; (e) BDE-153; (f) BDE-154; (g) BDE-183. 
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5.6 Fates of PBDEs during Sludge Digestions and Composting 

 Concentrations of BDE-28, 47, 99, 100, 153, 154 and 183 in the sludge samples 

before and after anaerobic mesophilic digestion at JWPCP were measured. In all the 

samples measured, BDE-28 was not detected. Measured concentrations of other 

congeners are summarized in Table 5.3. 

 

Table 5.3. Measured concentrations of PBDEs in grab sludge samples at JWPCP (ng/g). 
 BDE-47 BDE-99 BDE-100 BDE-153 BDE-

154 
BDE-
183 

Primary sludge 1105 1471 319 137 180 137 
Waste activate 
sludge 

1557 1800 306 232 213 232 

Digested sludge 1537 1925 471 130 214 130 
Dewatered cake 1226 1237 299 68 160 68 
Composted 
biosolids 

270 244 88 44 40 10 

 
 
 Following the calculation procedure in the mass balance analysis for estrogenic 

activity and nonylphenol at JWPCP (Chapter 3), mass flux rates of sludges around the 

digesters and composting units at JWPCP were multiplied by the corresponding PBDE 

concentration values to obtain flux rates of total PBDEs (excluding BDE-209) across 

each treatment unit: primary sludge: 170.2 mole/day, waste activated sludge (WAS): 

122.7 mole/day, mole/min, digested sludge: 193.5 mole/day. The total loading rate of 

PBDEs into the digester was the sum of primary sludge and waste activated sludge (292.9 

mole/day), which suggested about a third of total PBDE were removed during the 

digesting process. The dewatering process leads to the production of dewatered cake. 

Considering only 550 wet tons/day of the dewatered cake was composted, which 
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accounts for a third of the dewatered cake (1650 wet tons/day), the mass flux of PBDEs 

into the composting process units was estimated at 64.5 mole/day, which suggested that 

there was no removal of PBDEs considering the estimated outflow of PBDE from the 

composting process was 86.4 mole/day (Table 5.4).  

 
Table 5.4. Measurements and calculations leading to the flux analyses of total PBDEs 
during digesting and composting processes. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Sample  
description 

 
Flow rate or 
mass flux 

 
Water Content 
(Mass fraction) 

Total PBDE flux 
(BDE-47, 99, 100, 
153, 154, and 183, 
mole/day) 

Primary sludge 
Waste activated sludge                                                                      
Digested sludge 
Composted biosolids 

3.5 MGD 
1.1 MGD  
4.6 MGD  
550 wet tons/day 

0.968 
0.944 
0.975 
0.169 

170.2 
122.7 
193.5 
86.4 
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6. SUMMARY AND RECOMMENDATIONS 
 
 Two broad goals guided this research. The first was to develop methods with 

which to measure estrogenic activity and nonylphenol in organic-rich solids such as 

sludges derived from wastewater treatment and sediments impacted by wastewater 

recharge. Those methods were then applied to investigate the fate of estrogenic 

contaminants during wastewater treatment and effluent polishing processes. The second 

goal was to develop methods for measuring PBDEs in the same sludge/soil and to 

investigate the fate of PBDEs during sludge digestion and composting processes. 

Findings relative to each goal are summarized below.  

 

6.1 Methods.  

 Methods development for the analysis of estrogenic activity/nonylphenol and 

measurements of PBDEs in organic-rich solids are described in Chapter 2 and 5. All 

methods share the following steps: pretreatment, extraction, cleanup, and determination. 

The cleanup step is the most critical and challenging. The presence of coextracted 

organics is particularly troublesome in sludge samples and soil amended with biosolids. 

Sample extracts must be purified to eliminate interferences. Determination of estrogenic 

activity presents several additional challenges arising from the need to redissolve 

extracted organics in water prior to analysis using available in vitro bioassays. The 

known contributors to estrogenic activity in wastewater are largely hydrophobic although 

structurally diverse. A C18 resin was used for initial separation leading to measurement of 

estrogenic activity/nonylphenol concentration. In the analysis of PBDEs from sludge and 
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soils amended by biosolids, Florisil columns were used in the cleanup step following 

extraction. Separation with C18 resins are based on hydrophobicity, while the separation 

using Florisil is based on polarity. Consequently, these cleanup step strategies differ 

substantially. The strategy for separating nonylphenol and other components of 

estrogenic activity in soil/sludge sample was based on their somewhat selective retention 

on the C18 resin, followed by elution in a serious of methanol/water solutions that 

increased stepwise in methanol concentration. Conversely, PBDEs in soil/sludge extracts 

were separated from co-extracted organics during passage through Florisil. In this case, 

the analytes were preferentially eluted in hexane, leaving behind more polar organics. In 

the development of methods measuring estrogenic activity/nonylphenol, extraction 

parameters were optimized using solubility theory and orthogonal array design approach. 

Both methods developed proved to be effective in spike and recovery experiments. 

 

6.2 Fate of estrogenic contaminants and PBDEs 

 It was found that estrogenic activity and nonylphenol in wastewater were 

significantly attenuated during conventional wastewater treatment and SAT. The 

observed removal rates of estrogenic activity and nonylphenol following the treatment at 

JWPCP were both 93% (Chapter 3). However, a significant amount of estrogenic 

contaminants (about 50% for estrogenic activity and two-third for nonylphenol) 

attenuated was transferred to the sludge phase during the wastewater treatment process. 

During the anaerobic sludge digestion, both estrogenic activity and nonylphenol proved 

to be persistent.  



154 

 

  

 About 80-90% of the residual estrogenic activity in the secondary effluent was 

removed during percolation through 4.6 m, the observed removal rate of nonylphenol 

following the infiltration through 0.75 m surface sediment was close to 90%. Both 

adsorption and biodegradation appear to play important roles in compound removal 

during SAT. The estrogenic activity and nonylphenol adsorbed on the surface sediments 

were effectively removed as indicated by the long term mass balance of both estrogenic 

activity and nonylphenol in infiltration basins investigated (Chapter 4). 

 Others have noted the loss of estrogenic activity with distance traversed in 

effluent-dependent streams such as the Santa Cruz River, northwest of Tucson. The 

mechanisms of removal (biodegradation, sediment adsorption, photolysis) has been 

speculated but remain unresolved. In this work, estrogenic activity was detected on river 

sediment from an effluent-dependent reach of the Santa Cruz River, so that adsorption on 

organic-rich sediments moderately plays a role. The level of estrogenic activity present, 

however, suggests that if adsorption plays a dominant role in signal attenuation during 

river transport, there must be a second mechanism for destroying adsorbed estrogenic 

compounds, such as biodegradation.  

 The fate of PBDEs during sludge digestion and composting were also 

investigated. Primary data showed that PBDEs were removed during anaerobic sludge 

digestion but were persistent during composting. During conventional wastewater 

treatment, PBDEs were more persistent than the compounds contributing estrogenic 

activity; a similar observation was made previously by Ryne et al. (2005). 
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6.3 Management implications 

6.3.1 Soil aquifer treatment 

 Studies on the removal of estrogenic activity and nonylphenol during SAT 

showed that adsorption on infiltration basin sediments and biodegradation play dominant 

roles in the removal of estrogenic activity and nonylphenol. Hydrophobic organics are 

rapidly adsorbed, predominately in the top meter of soil. Estrogenic compounds are 

generally held to be persistent during anaerobic processes but biodegradable during 

aerobic treatment (Lorenzen et al., 2004; Chang et al., 2005a; Chang et al., 2005b). The 

recharge basins studied were operated under wet/dry cycles to maintain high infiltration 

rates for wastewater effluent. However, during the drying period, oxygen diffuses into 

surface sediments.  The introduction of oxygen makes aerobic degradation possible, so 

that estrogenic compounds sorbed onto the surface sediments can be degraded 

aerobically. This renews the sediment adsorption capacity and prevents degradable 

contaminants from accumulating until breakthrough occurs.  

  

6.3.2 Presence of residual estrogens in wastewater effluent 

 Both estrogenic activity and nonylphenol were significantly attenuated, but not 

eliminated during conventional wastewater treatment. The environmental impact of 

estrogenic contaminants depends on both treatment efficiency and dilution in the 

receiving water. The presence of estrogenic contaminants in the treated wastewater was 

confirmed by the survey of municipal wastewater treatment works in European countries 

by Johnson et al. (2005). The same study established correlation between the removal of 
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estrogens and sludge retention time or hydraulic retention time in the wastewater 

treatment facilities surveyed. The correlation indicated that it would be necessary to 

double or triple the size of most wastewater treatment facilities in order to make a 

significant increase of removal rate of estrogenic activity. This is not realistic in many 

cases. Therefore, advanced treatment techniques such as UV, ozonation and membrane 

treatment seem to be necessary to reach acceptable levels of residual estrogenic activity 

in treated wastewater.     

  

6.4 Future research directions 

6.4.1 Fate of estrogenic activity during aerobic digestion process 

 Results from the fate of estrogenic activity and nonylphenol during anaerobic 

sludge digestion (Chapter 3) indicated that estrogenic contaminants persist under 

anaerobic conditions. However, estrogenic contaminants can be removed effectively 

under aerobic conditions, as in activated sludge systems. To maximize the elimination of 

estrogenic contaminants, it is desirable to investigate the fate of estrogenic contaminants 

during aerobic sludge digestion process, which may provide an economically reasonable 

alternative as a solution for this issue.   

 

6.4.2 Fate of estrogenic activity during water treatment process 

 Published work on the fate of estrogenic compounds of wastewater origin in water 

treatment process is very limited. In order to produce high quality potable water and 

protect human health, it is desirable to understand the fate of estrogenic activity and 
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specific estrogens during the conventional and advanced water treatment processes. 

Development of treatment technologies capable of removing estrogenic compounds at 

reasonable costs is warranted, particularly if such methods facilitate control of estrogenic 

activity via an optimal combination of wastewater and water treatments.   

 
6.4.3 Fate of PBDEs in the environment 

 The presence of PBDE contaminants in the environment will be a long-term issue 

even if all PBDEs are immediately banned. PBDE persistence, and their presence in 

products that are already in use, ensure that PBDE-based risks to human and 

environmental health will be a long-term concern, consequently, understanding 

degradation pathways and kinetics of PBDEs during physical and biological treatments is 

desirable.   
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APPENDIX A.  SOLVENT SCREENING USING THE SOLUBILITY THEORY 
 

 The solvent selection scheme I based on the Hildebrand solubility parameter dt, 

which is defined as below: 

dt = (? Ev/V)1/2  (A1) 

where, 

dt is the total Hildebrand solubility parameter, 

? Ev is te energy of vaporization at a given temperature, and 

V is the molar volume of the molecule. 

Since the data supporting this equation is limited. Another approach was used instead. 

Hansen assumed the total cohesive energy is a linear addition contributed from three 

components as below: 

dt
2= dh

2 + dp
2 + dd

2  (A2) 

   where, 

dh is hydrogen-bonding ability contribution [MPa 1/2], 

dd is dispersion coefficient contribution [MPa 1/2]; and 

dp
 is polarity contribution [MPa 1/2]. 

The individual components of solubility parameter were calculated using the following 

methodology by van Krevelen and Hoftzyer. The individual components were 

determined using a group contribution method.  

dd= ( ? Fd )/V   (A3) 

dp= ( ? Fp )/V  (A4) 
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dp= ( ? Fp 2)1/2/V (A5) 

dh= (( ? Uh )/V)1/2 (A6) 

 where, 

 Fd is group contribution to dispersion, J 1/2 cm 3/2 mol -1. 

 Fp is group contribution to polarity, J 1/2 cm 2 mol -1. 
 Uh is group contribution to hydrogen bonding, J mol -1. 
 

For molecules with more than one polar group, equation (A5) instead of equation (A4) is 

used. As an example, the solubility parameters of 17ß-estradiol were calculated based on 

the group contribution method (Table A.1). The calculated solubility parameters for other 

estrogenic compounds are given in Table A.2. 

 The solvent solubility parameters from literatures (42) are listed in Table A.3. For 

a mixture of solvents, the parameters were calculated. For example, the hydrogen-

bonding ability,  dh, for a 1:1, v/v ratio of hexane and acetone is calculated as follows: dh= 

(dh hexane + dh acetone)/2.  
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Table A.1 Calculation of individual group contributions for 17ß-estradiol. 

number of 
group 

Group Fd Fp2 Uh V 

 cm3 mol -1 

1 -CH3 419 0  1 × 33.5 

6 - CH2 - 6 × 270 0  6 × 16.1 

4 >CH- 4 × 80 0  3 × (-1.0) 

1 >C< 2 × (-70) 0  1.0 × (-19.2) 

2 -OH 2 × 211 2 × 4492 2 × 
20000 

2 ×10 

3 >C= 3 × 45 3 × 702  3 × (-5.5) 

3 =CH- 3 × 223 3 × 702  3 × (13.5) 

4 Ring closure  

(5-6C) 

4 × 190 0  4 × 16 

3 =  

(double 
bonds) 

3 × 43 0  3 × (-2.2) 

?   4334 432602 40000 209.3 

 

Following equation (A3-A6), the calculated individual components of the solubility 
parameters are given in the Table A.2.  
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Table A.2. Individual Components of Hildebrand Solubility Parameters for Selected 
Estrogenic Compounds. 

Individual components (MPa ½ ) Compound 

dd dp dh dv dt 

17ß-estradiol 20.71 3.14 13.8 20.95 25.10 

17a-ethynyl estradiol 19.0 3.24 13.4 19.27 23.5 

Octylphenol(OP) 18.20 2.92 9.79 18.43 20.87 

Bisphenol A (BPA) 21.6 2.10 15.2 21.70 26.51 

Nonylphenol (NP) 16.6 4.1 9.2 17.10 19.4 

 

Table A.3. Individual components of Hildebrand solubility parameter for selected 
solvents or mixture of solvents. 

solvent ? d ? p ? h dt 

methanol 

acetone 

DCM 

toluene 

ethylacetate 

hexane 

octylphenol 

acetone:hexane(1:1) 

DCM: ethylacatate(1:1) 

acetone: DCM (1:1) 

cyclohexane:ethylacetate 
1:1) 

DCM: methanol 

15.1 

15.5 

15.3 

18.0 

15.8 

14.9 

17.2 

18.2 

15.6 

15.4 

16.2 

15.2 

12.3 

10.4 

6.1 

1.4 

5.3 

0 

2.92 

5.2 

5.7 

8.25 

2.6 

8.2 

22.3 

7.0 

3.9 

2.0 

7.2 

0 

9.79 

3.5 

5.6 

5.5 

3.6 

10 

29.6 

20.0 

17 

18.6 

18.1 

14.9 

20.87 

16.4 
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APPENDIX B.  PROCEDURE OF ANALYSIS OF VARIANCE (ANOVA)  

 

1) Calculate the sum of squares 

 
 
 
 
 
 
 
 
2) Determine the degrees of freedom 

 

 

 

 
3) Calculate the mean squares 

 
 
4) Calculate the F ratio 

 

 
5) Calculate the critical value of F 

6) Calculate the % of contribution 
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