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MANAGEMENT PERSPECTIVE 
A co|'la_borative research between the National Water Research Institute and the City of 
Toronto on the occurrence of endocrine disrupting chemicals in wastewater and sludge 
samples has been completed. Environmental estrogens such as nonylphenol and its 
ethoxylates, octylpheno, bisphenol A, estradiol and its metabolites, at various levels, 
have been found in all the samples collected in the Toronto area. Major industrial 
sources of noriylphenol and bisphenol A have also been identified. The data generated 
in this work are used, in part, to establish the guidelines for the industrial wastewater 
quality regarding nonylphenol in the City Bylaws. 

ABSTRACT 
In recent years, many anthropogenic chemicals occurring in the environment have been 
shown to mimic the action of endogenous hormones, leading as a result to a host of 
adverse effects on wildlife, such as the feminization of fish, the lack of reproductive 
success of some species, birth defects, and the development of physical abnorma_lity. 
We have developed analytical methods for the determination of some of these 
endocrine disrupting chemicals, including alkylphenols, alkylphenol ethoxylates and 
carboxylates, 17B-est‘radiol and its metabolites, as well as bisphenol A, in wastewater 
and sludge samples. Solid-phase and supe_rcritical fluid extraction, GC/MS and HPLC 
techniques were used in these methods. The procedures were applied to the samples 
collected from sewage treatment plants and selected industrial operations in the 
Toronto area. Levels of these chemicals varied from <1 ng/L for 17%-estradiol in the 
sewage effluent to >500 pg/g‘ for nonylphenol in the digested sludge.



SOMMAIRE A L’|NTENTlON DE LA DIRECTION 
Cette étude effectuée en collaboration par l'Institut national de recherche sur les eaux 
et la ville de Toronto portait‘ sur |l'occu'rrence de perturbateurs du systeme endocrinien 
dans des échantillons d'eaux usées et de boues. Dans tous les éch_anti|lons prélevés 
dans la région de Toronto, on a observé diverses concentrations d'oest,rogenes a effets 
environnementaux comme le nonylphénol et ses éthoxylates, l'octylphéno|, le 
bisphénol A, l'estradio| et ses metabolites. On a également identifié d'importantes 
sources indiustrielles de nonylphénol et de bisphénol A. Les données de cette étude 
serviront notamment a établir, dans le cadre des reglements muni‘cipau'x, des lignes 
directrices de. qualité des eaux usées industrielles limitant le nonylphénol. 

RESUME 
Au cours des derniéres années, on a démontré que de nombreux agents chimiques 
anthropiques présents dans l'environnement ont une action simi|ai_re é celle des 
hormones endogénes, ce qui a toute une gamme d'effets nocifs sur la ‘faune-,A par 
exemple la féminisation des poissons, |'échec de la reproduction chez certaines 
espéces, des anomalies congénitales et le développement d'anomalies physiques. 
Nous avons aus_si élaboré des méthodes analytiques pour doser, dans des échantillons 
d'eaux usées et de boues, certains de ces perturbateurs, notamment les alky|phénols,_ 
les éthoxylates et carboxylates d'alkyphénol, le 1713-estradiol et ses ‘métaebolites, et- le 
bisphénol A. Ces méthodes utilisaient des techniques d'extraction en phase solide et 
par fluide supercritique, ainsi que la CG/SM et la CLHP. On a appliqué ces procedures 
_a des_ échantillons prélevés dans des stations d'épuration des eaux d'égout et dans des 
installations industerielles choisies de |_a région de Toronto. Les concentrations de ces 
agents chimiques étaient comprises entre moins de 1 ng/L ('17B:-estradiol dans les 
effluents d'eau d'égout) et plus de 500 pg/g (nonylphénol dans la bou_e digérée).



INTRODUCTION 

Many chemicals have the potential to disrupt the endocrine systems of fish, wild_life, and 
humans, thereby adversely affecting their growth, development-, reproduction, and 
health. Although the evidence so far is not yet unequivocally conclusive, the 
occurrence of environmental endocrine-disrupting chemicals (EDCs) has been linked to 
the feminization of male fish, sex transposition in wildlife (Tyler et al., 1998), fertility 

problems in men due to the decline in sperm counts (Sharpe, 1998), and the increase 
of hormone-related cancers in humans.(Soto et al., 1994). In one of the most widely 
demonstrated modes of hormonal disruption, these chemicals may act as endogenous 
estracliol (estrogen mimics) by binding to and activating the estrogen receptors (ER). 
Some of the chemicals identified as ER agonists include organochlorinated insecticides 
(e.g. DDT, DDE, BHC, etc.), herbicides (e.g. atrazine, 2,4,5-‘T, etc.), fungicides (e.g. 
hexachlorobenzene, vinclozolin, etc.), as well as a wide range of industrial chemicals 
(e.g. phthalates, alkylphenols, bisphenol A, PCBs, PAHs, etc.). 

Non-ionic surfactants based on alkylphenol ethoxylates, particularly nonylphenol 
ethoxylates (NPnEO), are still used in the manufacture of some household and many 
industrial detergents. These ethoxylates degrade to nonylphenol (NP), among other 
cornpounds, under anaerobic, sewage treatment conditions and to the carboxylates 
(NPnEC) under aerobic conditions (Ahel et al., 1994a, b). It has been known since the 
early 1980s that NPnEO, together with NPnEC and NP, are present in municipal 
sewage effluent as persistent contaminants (Ahel and Giger, 1985, Ahel et al., 1987). 
However, their occurrence has not been a major environmental concern until NP was 
shown to induce the proliferation of human breast cancer cells (Soto et al., 1991). 
Bisphenol A (BPA) is a building block of many polycarbonate and epoxy resins. While 
BPA has been shown to be one of the more potent anthropogenic ER agonists, 
information regarding its environmental levels in Canada was virtually unavailable until 
recently (Lee and Peart, 2000b). 

Naturally occurring estrogens such as 178-estradiol (E2) and its metabolites enter the 
sewage system through the excretions of humans and domestic animals. These 
estrogens have ER potencies at least three orders of magnitude higher than the 
alkylphenolic compounds. Therefore, E2 and its metabolites estrone (E1), estriol (E3), 
and 16a-hydroxyestrone (16a-OH-E1) as well as 17a-ethynylestradiol (EE2), the 
synthetic estrogen used in many oral contraceptive formulations, are suspected to be 
the major contributors of estrogenic activities in _sewage, even though their 
concentrations in the effluent are usually at the low ng/L levels (Lee and Peart, 1998, 
Ternes et al., 1999). . 

In order to study the occurrence and fate of EDCs in samples collected from the 
Canadian sewage treatment plants, we have earlier developed sensitive and selective 
methods for the determination of the above-mentioned compounds in wastewater and 
sludge (Lee 1999, Lee and Peart, 1995, 1998, 2000a, Lee et al. 1997, 1998). The 
major objective of this investigation is to establish the baseline levels of the EDCs in the



sewage samples collected in Toronto. The degree of contamination by the same 
phenolic chemicals in some industrial wastewaters has also been studied. 

METHODS 
Materials 

A calibrated mixture of n_on_ylphenol ethoxylates (NPnEO, n= 1 to 17), in acetone, was 
obtained as a gift from Dr; Carter Naylor (Hunstman, Austin, TX, USA). 4-Nonylphenol 
(NP), 4-tert-octylphenol (OP), bisphenol A (BPA), triethylamine, acetic a,n_hydride, and 
pentafluoropropionic acid anhydride (PFPA) were obtained from Aldrich (Milwaukee, MI, 
USA). 4-Nonylphenoxfyacetic acid (NP1EC) and 4-tert-octylphenoxyacetic acid 
(OP1EC) were synthesized according to a published procedure (Lee et al., 1998). 173- 
‘Estradiol (E2), estrone (E1), 17a-ethynylestradiol (EE2), 16a-hydroxyestrone (16a-OH- 
E1) were products of Sigma (St. Louis, MO, USA). Stock solutions at 1, 10-,_ 100, and 
1000 pg/mL were prepared in acetone. A calibration standard of NPnEO, at 11.5 
pg/mL-, was prepared in _isopropanol/hexarne (2/98, v/v). 

Distilled-in-glass grade solvents were purchased from Caledon, (Georgetown, ON, 
Canada). Solid phase extraction (SPE) cartridges (ENVI-18) were the products of 
Supelco. Supercritical fluid extraction (SFE) grade carbon dioxide was manufactured 
by Air Products (Brampton, ON, Canada). 

Sample collection and storage 

Sewage a_nd wastewater samples (1-L composite over a 24-h period) were collected in 
1999 and early 2000. After collection, the samples were kept at 4°C in the dark and 
extracted the next day. Where a longer storage time was required, 10 mL of a 37% 
formalin solution was added to each sample. Grab samples of raw and digested 
sewage sludge were air-dried, pulverized, passed through a 100—mesh sieve, and kept 
at room temperature. 

Analflical methods 

Wastewater and sludge samples were analyzed for various EDCs by several previously 
published methods. After filtration (GF/C filter) and acidification to a pH of 3, NPnEO 
and NP1EC/OP1EC in water samples were pre-concentrated on ENVI-18 SPE 
cartridges. The methanol eluate was split into two equal fractions. One fraction, after a 
solvent exchange and volume adjustment, was analyzed for NPnEO by high- 
performance liquid ch_romatography (Lee et al., 1997) using a normal phase (APS 
Hypersil NH2) column and a fluorescence detector operating at 230 nm (excitation) and 
300 nm (emission). The other fraction was methylated (BF3/methanol) and analyzed for 
NP1EC/OP1EC by GC/MS in the selected ion monitoring (SIM) mode (Lee et al. 1998). 
NP, OP, BPA, E2 and its metabol_ites in water were also extracted similarly. The 
concentrated extract was then reacted with PFPA to form the pentafluoropropionyl
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derivatives, which were then analyzed by GC/MS in an SIM mode (Lee and Peart, 
1998, 2000a). 

The determination of NP, OP, and BPA in sewage sludge was carried out by an in situ 
acetylation and supercritical carbon dioxide extraction procedure (Lee and Peart, 1995, 
2000a). The SFE extract, which contained the acetyl derivatives of the phenols, was 
analyzed by GCIMS. NPnEO in sewage sludge were extracted by SFE and analyzed 
by the above HPLC procedure (Lee ‘et al., 1997). For details of these analytical 
methods, the original publications should be consulted. 

RESULTS AND DISCUSSION 
Description of the sewage treatment plant facilities 

There a_re four wastewater treatment plants i_n the City of Toronto: Ashbridges Bay, 
Highland Creek, Humber, and North Toronto. Together, they serve a population in 
excess of two million people. The Ashbridges Bay plant is the largest with a daily flow 
rate exceeding 700,000 m3 and the North Toronto plant is the smallest, treating 40,000 
‘m3 of raw sewage daily. Humber, Highland Creek and Ashbridges Bay have a large 
a_nd varied industrial content in their plant influents. The North Toronto plant has mainly 
residential inputs. All plants employ both primary (sedimentation) and secondary 
(activated sludge) treatment and they chlorinate the final effluent all year round prior to 
discharge from the They all use iron salts, primarily ferrous chloride, for 
phosphorus removal and all but the Highland Creek plant are equipped with anaerobic 
sludge digesters. 

The Ashbridges Bay plant dewaters poly-electrolyte conditioned digested sludge on 
centrifuges. Sludge samples from the Humber and North Toronto plants are transferred 
to the Ashbridges Bay plant by re-introduction to the sewer system. Fifty percent of the 
centrifuge cake produced at the Ashbridges Bay plant is incinerated and the other fifty 
percent is diverted to a bio-solids re-use program, which sees the cake being used as a 
fertilizer on farmland. The Highland Creek plant dewaters poIy—eIectroIyte conditioned 
raw sludge on centrifuges. This raw sludge cake is incinerated. 

Industrial facilities included in this study 

Wastewaters from about 40 industrial facilities located in the Toronto area were 
analyzed in this study. Many of the samples are taken from the chemicals and 
cherf1ica_| products sector involving industrial organic chemicals, detergents, paint and 
varnish, as well as oil and grease. Samples from other industries such as metal 
finishing, plastic products, paper products, textile products, food and beverages, as well 
as industrial/commercial launderers were also included. 

Nonylghenol etho)_<y_ lates and related compounds in sewage



Nonylphenol ethoxylates were detected in all 22 sewage influent and effluent samples 
with co_ncentration ranges from 69 to 868 pg/L for the influent and from 3 to 81 pg/L for 
the effluent (Table 1). Consistent with previous reports by Ahel et al. (1994a, b), the 
NPnEO concentrations were found to be much lower in the effluent samples than in the 
influent samples, which indicate very efficient biodegradation of the ethoxylates in the 
sewage treatment process. Among the four treatment plants, plant D had the lowest 
level of NPnEO in the inf_luent._ As this plant has a higher percentage of residential 
inputs compared to the other three, this observation suggests that the ethoxylate-based 
detergents originate mainly from industrial facilities. Again, nonylphe_no| was observed 
in all samples with concentration ranges from 4.5 to 15.8 pg/L for the influentvatnd 0.5 to 
6.4 pg/L for the eff_lue'nt. The observation of significant amounts of NP in the influent 
suggests that degradation of the ethoxylates has already occurred in the sewer system 
before the raw sewage reaches the treatment plant. The lower NP level in the final 
effluent is likely due to the removal of this less soluble compound by accumulation onto 
sewage sludge. The levels of NP1EC are often higher in the effluent‘ (ranging from 1.1 
to 35.4 pg/L) than the influent (from <1 to 4.3 pg/L) since this acid is one of the major 
aerobic biodegradation products of NPnEO in the secondary waste treatment. 

Table 1.. Concentration ranges of nonylphenol ethoxylates and their metabolites 
(pg/L) observed for sewage influent and effluent. 

Treatment No. of NPnEO (tota|)1*‘ NP NP1EC 
plant samples, 

A-influent 2 410-868 7.8-15.8 <1 -2.0 
A-effluent 2 16-35 1.1-1.2 9.7-12.8 
B-influent 3 264-553 5.5-8.4 <1-2.5 
B-effluent 3 V 3-13 0.8-1.6 5.3-8.7 
C-iilfl,|ue,nt 3 108-219 4.5-15.5 2.3-4.3 
C-effluent 3 16-81 0.8-6.4 

A 

8.5-15.0 
D-influent 3 69-230 5.0--1 1 .3 <1 -2.4 
D-effluent 3 3-12 ,_ 0.5-1.9 1.1-35.4 

* Total NPnEO (n'=1 to 17) concentration 

Similarly, OP and OP1EC are the metabolites of the less commonly used octylphenol 
ethoxylates under anaerobic and aerobic conditions, respectively. They were also 
observed in nearly all the samples tested, although their concentrations’ (Table 2) were 
generally no higher than ca. 10% of NP and NP1EC levels, respectively. 

Table 2. Concentration ranges of other EDCs (pg/L) observed 
for sewage influent‘ an‘r:l effluent.

l 

Treatment No.’ of OP ‘ OP1EC" BPA 
plant 

, 
samples

V



A-influent 2 0.70-1.37 0.10-0.71 0.41-0.45
1 

A-effluent 2 0.07-0.14 1.10-1.41 0.13-0.18 
B-influent 3 0.60-0.67 <0.1-0.15 0.75-1.41 
B-effluent 3 0.09-0.30 0.79-1.92 0.14-0.39 
C-influent 3 0.34-1.63 0.19-0.28 2.03-4.23 
C-effluent 3 0.04-0.38 1.65-2.84 0.05-0.29 
D-influent 3 0.76-1.26 0.1 0~0. 14 0.19-0.23 
D-effluent _ , r , 3 0.08-0.16 0.4.0-40.96 0.01-0.07 

Bis henolAin sewa e
l

l 

Perhaps due to the lack of sensitive analytical methods, there were few reports on the 
occurrence of BPA in the Canadian environment. In this study, BPA was observed in 
all the sewage samples with concentrations ranging from 0.19 to 4.23 pglL in the 
influents and from 0.01 to 0.39 in the effluentr(T able 2). One indication of the 
widespread presence of BPA in the samples is that. its origins might not be limitjedto 
only a few point sources. Based on these figures, the reduction rates for BPA 
calculated for the four sewage treatment plants varied from 55 to 99%, with a mean 
reduction of 79%. The repeated occurrence of BPA in samples collected from the 
same treatment plant suggests that BPA contamination was not a sporadic incidence. 

Estradiol and metabolites in sewage 

While there is a considerable body of published data on NPnEO and their metabolites, 
relatively little information is available on the levels of E2 and its metabolites in sewage 
samples. Reports to date have suggested that E2, E1, and E3 are present in sewage 
influent and effluent at low ng/L levels (Lee and Peart, 1998, Ternes et al., 1999a) and 
the results in this study (Table 3) are also in agreement with the earlier findings. The 
observation of much higher concentrations of E2 and E1 in the influent than the effluent 
is consistent with the rapid biodegradation of these estrogens under aerobic conditions 
during the course of secondary waste treatment (T ernes et al., 1999b). Another 
metabolite, 16a-OH-E1, was also observed, in the influent only, at concentrations 
ranging from <1 to 28 ng/L. Due to a change in methodology, E3 was not determined in 
this work. However, according to our.previous findings, it is expected to be present, 
also at low ng/L levels, in the influent and effluent samples. In contrast, the synthetic 
estrogen, EE2, has never been detected in any of the samples (DL=1 ng/L). 

Table 3. Concentration ranges of 1713-estradiol and metabolites (ng/L) 
observed in sewage influent and effluent.* 

Treatment No. of E2 E1 
g 

16a-OH-E1 
plant samples

I 

A-i_nfluent 2 9.6-14.8 34.9432 <1-27.7‘ 
A-effluent 2 <1-1.4 16.1-56.3 <1



B-influent‘ 3 
1 

14.0-19.9 28.7-52.0 <1 -22.3 
B-effluent 3 2.7-4.6 12.4-72.4 <1 
C-influent 3 8.7-24.2 41.3-66.7 6.3-13.4 
C-effluent 3 2.2-6.8‘ 21.7-74.8 <1 
D-influent 3 

I 

13.6-25.6 33.0-50.4 3.1-10.5 
D-effluent 3 .1 <1-1.7 8.7-40.8 <1 

, 
. , . . 

EDCs in sewage sludge 

As shown in Table 4, the raw and digested sludge samples were contaminated with 
NPnEO ranging from 18 to 497 pg/g in concentration, on a dry weight basis. The profile 
of the ethoxylate oligomers in the raw sludge is similar to that of the influent, i.e. with a 
larger proportion of the higher ethoxylate oligomers. The major components in digested 
sludge, perhaps due to anaerobic biodegradation, are mainly the lower eth_oxylates and 
NP. The latter, a lipophilic and biorefractory metabolite of NPnEO, was often the most 
abundant component in these samples. The levels of OP and BPA in the sludge were 
much lower, with concentration ranges from 0.78 to 13.8 pg/g for OP and from 0.2 to 
12.5 pg/g for BPA. 

Table 4. Concentration ranges of EDCs (pg/g, on“ a dry weight basis) 
observed in raw and digested sewage sludge. 

Treatment No. of NPnEO NP OP BPA 
plant samples 

A-raw 1 265 34 3.29 0.55 - 

A-digested 2 25-38 85-127 1 .9-2.7 1-.03-1.13 
B-raw* 4 88-469 52-169 3.3-12.1 0.51"-1.80 
C-raw 3 151-497 94-311 3.9-13.8 0.38-8.73 
C—digested 10 49-247 148-514 4.2-13.4 1 .49-12.5 
D-raw 4 57-178 1 5-81 0.78-5.36 0.20-0.78 
D-diggsted 3 1 8-232 200-285 680-9. 14 0.27--1 .08 

* No digested sludge was collected from plant
i

l 

EDCs in industrial wastewaters 

Samples from approximately 40 industrial facilities, in the chemicals, chemical products, 
industri_a,,l/commercial launderers, food and beverages, metal finishing, paper products, 
plastics, and textile and clothing sectors-, have been analyzed for NPnEO, NP, OP, and 
BPA. Very wide concentration ranges for these contaminants were observed in these 

Table 5-. Concentration ranges of EDCs (pg/L) observed in selected 
industrial wastewater in the Toronto area.



Industry type No. of NPnEO NP OP BPA 
samples 

Chemical 34 3-117,520 0.51-253 0.02-195 <0.01-91.3 
Laundering 14 1 ,610- 3.38-80.4 0.06-1.53 0.75-43.5 

108,900 
Foodlbeverage 3 23-49 1.02-1.50 0.02-0.10 0.67-1.61 
Metal fi_nish,ing 11 123-48,649 0.68-195 <0.01-4.54 <0.01-6.51 
Paper products 3 19-341 1 .42-2.63 0.09-0.36 . 28.2-149 
Plastics 9 16-241 <0.1-7.90 <0.01-0.18 0.15-2.12 
Textile/clothing 8 155-43,626 1.39-41.1 0.08-0.47 0.10-0.48 

samples (Table 5). For instance, the levels varied from 3 to 117,520 uglL for _NPnEO, 
from <0.1 to 195 pg/L for NP, from <0.01 to 195 pg/L for OP, a d from <0.01 to 149 
pg/L for BPA. In general, wastewater samples from the food/beverages and plastics 
industries were low in all the contaminants. Samples froml the paper products 
industries were also low in all except BPA concentrations, which have a range from 28 
to 149 pg/L. A number of samples collected from the chemical, laundering, metal 
finishing, and textile/clothing industries were highly contaminated with NPnEO and NP. 
In the cases of OP and BPA, their levels in wastewaters were likely to be industry- 
specific. 

CONCLUSIONS 
Nonylphenol ethoxylates, ubiquitous in the Toronto sewage and wastewater samples, 
are more likely to have come from certain industrial facilities than from domestic 
sources in this area. While NPnEO are effectively “reduced” by sewage treatment, they 
are in fact transformed into the more persistent and estrogenic metabolites, NP and 
NP1EC. Since NP1EC is water soluble, it will enter the environment when the final 
effluent is discharged into the receiving waters. In the past, all sewage sludge 
generated in Toronto was incinerated before it was applied to landfills. More recently, a 
part of the sludge from the Ashbridges Bay plant was diverted to land spreading and in 
the next couple of years all sludge from this plant, wit_hout incinerat_ion, will be used for 
land spreading. The increased practice of land spreading of non-incinerated sludge in 
the future will thereby increase the probability of the sludge-bound NP to re-enter the 
environment. OP and BPA are also detected in nearly all the samples, albeit at lower 
concentrations than NP except for certain industrial wastewater samples. The levels of 
E2 and its metabolites found in the Toronto sewage samples are consistent with our 
previous ‘findings as well as other published reports. As a result of rapid 
biodegradation, the concentrations of these estrogens in the final effluent were 
sometimes below the detection limit.
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