
REMOVAL OF IBUPROFEN FROM WASTEWATER:

CONVENTIONAL AND MEMBRANE BIOREACTOR TREATMENT PROCESSES

A Thesis

Presented to

The Faculty of Graduate Studies 

of

The University of Guelph

by

TARA M. SMOOK

In partial fulfilment of requirements 

for the degree of

Master of Science 

September, 2006

© Tara M. Smook, 2006



1*1 Library and 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada

Bibliotheque et 
Archives Canada

Direction du
Patrimoine de I'edition

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada

Your file Votre reference 
ISBN: 978-0-494-25478-3 
Our file Notre reference 
ISBN: 978-0-494-25478-3

NOTICE:
The author has granted a non
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preten 
distribuer et vendre des theses partout dans 
Ie monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these. 
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

Canada



ABSTRACT

REMOVAL OF IBUPROFEN FROM WASTEWATER: 
CONVENTIONAL AND MEMBRANE BIOREACTOR TREATMENT 

PROCESSES

Tara M. Smook 
University of Guelph, 2006

Advisor:
Dr. Richard G. Zytner, P. Eng.

Pharmaceuticals are a growing concern because they are continually being introduced in 

the influent to municipal wastewater treatment plants (WWTPs). Understanding their 

removal mechanisms from available treatment processes is vital in preventing 

downstream contamination of our natural water resources. In this study, ibuprofen, a 

popular over-the-counter pain reliever, was monitored by taking wastewater samples 

throughout the City of Guelph municipal WWTP. The results showed greater than 99% 

of ibuprofen was removed in the aeration tank. Aerobic biodegradation was confirmed to 

be the dominant mechanism of ibuprofen removal. First-order kinetics were used to 

quantify ibuprofen biodegradation in a conventional WWTP aeration tank and in a 

membrane bioreactor (MBR) pilot plant. The rate constant, kbioi, for the conventional 

WWTP and the MBR were determined to be (-6.8 ± 3.3) L/g SS*d and 

(-8.4 ± 4.0) L/g SS*d, respectively. These two rate constants were found to be 

statistically similar. In addition, a biological nutrient removal (BNR) pilot system 

comprised of an anaerobic tank, an anoxic tank, and an aeration tank with a 

microfiltration membrane was sampled. Preliminary findings from the samplings suggest 

that ibuprofen can also be degraded anaerobically.
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1 INTRODUCTION

In the last decade, advances in laboratory technologies have led to the discovery of 

pharmaceutical contamination in surface water, groundwater, and sometimes drinking 

water sources. The presence of these drug compounds stems primarily from their 

consumption and continual introduction into the influent of municipal wastewater 

treatment plants (WWTPs). Understanding the ability of available treatment processes to 

remove pharmaceuticals from wastewater is vital in preventing downstream 

contamination of our lake water and drinking water sources.

Some possible mechanisms of removal of pharmaceuticals from wastewater include 

sorption onto suspended solids, aerobic and anaerobic biodegradation, chemical (abiotic) 

degradation (i.e., hydrolysis), volatilization, and photolytic decay (Metcalf & Eddy, 

2003). Compounds that sorb to the solid phase still have the potential to return to the 

environment via sludge application to land, landfilling, or soil erosion (Jones et al., 

2005b). Unfortunately, no scientific relationships have been found that relate the 

characteristics of a pharmaceutical, such as its chemical structure or octanol-water 

coefficient, to its ability to be removed in a WWTP. As a result, each drug compound 

must be individually assessed.

Many studies have found that ibuprofen, a popular over-the-counter pain reliever, is well 

removed from most WWTPs through biodegradation (Buser et al., 1999, Temes et al., 

2004b; Clara et al., 2005; Thomas et al., 2005; Joss et al., 2006). Recently, researchers 
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began examining the rate of aerobic biodegradation of ibuprofen in both conventional 

WWTPs and MBRs; however preliminary reports conflict as to which treatment system is 

more efficient at removing ibuprofen, in terms of the biodegradation rate constant. In 

addition, very little work has been done regarding the anaerobic biodegradation of 

ibuprofen.

During this study wastewater samples were obtained from the City of Guelph municipal 

WWTP, a GE Zenon MBR pilot plant, and an BNR pilot plant. Both of the pilot plants 

were located on the municipal WWTP site. The collected samples were analyzed for 

ibuprofen concentrations by gas chromatography/mass spectrometry for the purpose of 

determining the amount of ibuprofen removed throughout each respective plant. In 

addition, biodegradation studies were performed using wastewater samples taken from 

the municipal WWTP and the MBR to determine and compare the biodegradation rate 

constants for each system.

Chapter 2 of this thesis is a literature review of pharmaceuticals in wastewater and their 

removal. Chapter 3 contains the methodology for the various tests and analyses 

performed during this study. Chapter 4 of this thesis presents the results and discusses 

the findings of this study. The conclusions of this study, and recommendations for 

further research are presented in Chapters 5 and 6, respectively. Chapter 7 contains a list 

of the references used for this research. Also included are Appendices A through D, 

which contain supplemental results and calculations used during the study.
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1.1 Objectives of the Research

The objectives of this study were as follows:

i. Understand which treatment processes in a conventional WWTP are capable of 

removing ibuprofen from wastewater.

ii. Observe the ability of an MBR to remove ibuprofen from wastewater.

iii. Mathematically describe the first-order degradation equation for ibuprofen in 

wastewater by calculating the biodegradation rate constant for a conventional 

WWTP aeration tank mixed liquor and an MBR mixed liquor.

iv. Compare the two ibuprofen biodegradation removal rates for a conventional 

WWTP and an MBR, and determine which system is more efficient at 

biodegrading ibuprofen in wastewater.

v. Determine if ibuprofen can be anaerobically biodegraded in wastewater by 

understanding which treatment processes in a BNR system contribute to ibuprofen 

removal.
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2 LITERATURE REVIEW

Pharmaceuticals and personal care products (PPCPs) are produced and used in quantities 

that exceed hundreds of metric tons annually (Metcalfe et al., 2003). PPCPs are 

comprised of all prescription as well as “over-the-counter” drugs, proteinaceous drugs, 

diagnostic agents, “nutraceuticals”, and other consumer chemicals such as fragrances, 

sun-screen agents and skin anti-aging preparations (Daughton, 2001). There are literally 

thousands of these different PPCP compounds currently in circulation throughout the 

world (Jones et al., 2005b). Data from 1993 finds that 559,000 tons of PPCPs were 

produced and applied in Germany alone (Joss et al., 2006).

The potential for a drug to enter the environment depends on the amount consumed, the 

pharmacokinetic behavior of the drug in humans, and the rate of degradation of the 

compound in the environment (Metcalfe et al., 2003). Many pharmaceuticals are not 

completely utilized in the human body, and 30% to 90% of the original compound is then 

excreted and makes its way to the wastewater treatment plant. Most current wastewater 

treatment plants are not designed to treat the small concentrations of pharmaceuticals in 

the influent (ng/L to ug/L range.) The difficulty in designing treatment systems to 

remove small concentrations of pharmaceuticals lies in the fact that there are a range of 

drug compounds with very different chemical structures, and therefore, very different 

removal characteristics. As a result, conventional wastewater treatment plant removal 

efficiencies span the spectrum from complete removal to no removal, depending on the 

drug compound (Petrovic et al., 2003).
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As early as 1985, researchers were discussing the fate of pharmaceutical residues in the 

environment; however, analytical techniques did not exist to adequately detect 

pharmaceuticals in surface waters at this time. In 1993, chlofibric acid, (used for 

cholesterol control), was the first pharmaceutical to be discovered in small concentrations 

in tap water in Germany (Heberer, 2002). However, it is unlikely that the occurrence of 

pharmaceuticals in waters is a new phenomenon; instead, it is more likely that this 

problem has only become more widely evident in the last decade due to improving 

chemical analysis methodologies which have effectively lowered the detection limits for 

several drug compounds (Daughton, 2001).

Until recently, many pharmaceutical compounds had been studied only in terms of human 

and veterinary health, while their release and effects on the environment had received 

little attention (Temes, 1999). Environmental risk assessments for drugs are not required 

for human drug approval. As a result of this, ecotoxicological data for the assessment of 

drug residues in the aquatic environment are insufficiently available (Stumpf et al., 1999). 

There are concerns regarding the development of antibiotic resistant bacteria due to 

repeated exposures to low concentrations of antibiotics. Antibiotics may also affect the 

microorganisms comprising the activated sludge in a wastewater treatment plant 

(WWTP), thereby affecting organic matter degradation, nitrification and denitrification 

processes (Jones et al., 2005b).

The question of risk to humans is plagued by a lack of comprehensive exposure data. The 

additive, synergistic, and cumulative time-course effects of pharmaceuticals need to be 
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understood. For example, what are the long-term effects of life-long exposure to trace 

levels of pharmaceuticals? Much more research is needed to even begin addressing these 

questions.

2.1 Pathways of Pharmaceuticals in the Environment

Pharmaceuticals enter the environment from a variety of different sources including 

discharges from municipal WWTPs, discharges from pharmaceutical companies, runoff 

from animal feeding operations, infiltration from aquaculture activities, leachate from 

landfills, and leachate from compost made of animal manure containing pharmaceuticals 

(Morse et al., 2003). The major contributing pathway is that from municipal WWTPs. 

For this reason pharmaceutical removal in WWTPs tends to be the focus of most 

research. In this pathway, pharmaceutical compounds are in a cycle from human 

consumption or application, to human excretions, to the municipal wastewater treatment 

plant, to surface waters, then infiltrating or recharging groundwaters, and returning back 

to human drinking water (Heberer, 2002). Figure 2-1 illustrates this cyclic pathway.

After ingestion, pharmaceuticals are partially absorbed by the body through metabolic 

reactions such as functional group transfer, electron transfer, rearrangement, and 

cleavage. Approximately 30% to 90% of the dose of a drug will be excreted from the 

body, via feces and urine, in a completely unmetabolized form (Hirsch et al., 1999; 

Metcalfe et al., 2003). Therefore, two of the important factors for the occurrence of 

pharmaceutical residues in the environment are the overall consumption and fate of the 
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individual compound, and the fate of the individual compound in the human body 

(Heberer, 2002).

Figure 2-1 - Pharmaceutical cycle in human consumption (Stumpf et al., 1999).

Other pathways for pharmaceuticals to enter surface waters include 

bathing/washing/swimming (via discharge of externally applied PPCPs, such as 

fragrances or sunscreens, or those excreted in sweat), failed septic fields, leaking 

underground sewage conveyance systems, storm overflow events, and wet-weather runoff 

from farm fields that have applied pesticides or sludge from wastewater treatment plants 

as a fertilizer (Hirsch et al., 1999).
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Overall, pharmaceuticals are of a major concern in the environment because they are 

persistent, due to the continual introduction to surface water by the pathways noted 

above.

2.2 Pharmaceuticals in Canadian Wastewater Treatment Plants

A variety of pharmaceutical types including lipid-regulating agents, antiphlogistics, beta

blockers, beta-sypathomimetics, antibiotics, and synthetic estrogens have been detected in 

WWTP effluents in Canada. The concentrations of such drug compounds are normally 

higher in areas of surface water bodies that are close to effluent discharge locations.

The influent and effluent of wastewater was collected from 18 different WWTPs across 

Canada, and analyzed for a suite of different pharmaceuticals. These plants had varying 

levels of treatment, ranging from primary to tertiary. The results are presented in Table 

2-1.

The table shows that salicylic acid (an analgesic, commonly known as “Aspirin”), 

ibuprofen (an analgesic and antiphlogistic, commonly known as “Advil” or “Motrin”), 

and naproxen (an antiphlogistic, commonly known as “Aleve”), enter WWTPs in the 

highest concentrations. Several compounds including salicylic acid, ibuprofen, naproxen, 

bezafibrate (a lipid regulator), gemfibrozil (a lipid regulator), pentoxyfylline (a blood 

thinning agent), and carbamazepine (an antiepileptic), are also found in the effluent 

samples.
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Table 2-1 - Pharmaceuticals detected in Canadian wastewater treatment plants 
(Metcalf, C. et al„ 2003)

Compound
Influent Samples Effluent Samples

LOD 
(Pg/L)

Median 
(Pg/L)

Max. 
(Pg/L)

Number 
ND

LOD 
(Pg/L)

Median 
(Ug/L)

Max. 
(Hg/L)

Number 
ND

Acidic Drugs: 
Salicylic Acid 0.25 330 874 0 0.10 3.6 59.6 12
Ibuprofen 0.10 38.7 75.8 4 0.05 4.0 24.6 6
Fenoprofen 0.10 1.8 9.7 9 0.05 ND - 18
Ketoprofen 0.10 5.7 5.7 17 0.05 ND - 18
Diclofenac 0.50 1.3 1.3 17 0.25 ND - 18
Naproxen 0.25 40.7 611 2 0.10 12.5 33.9 15
Bezafibrate 0.10 0.6 4.7 10 0.05 0.2 0.6 15
Gemfibrozil 0.10 0.7 2.1 15 0.05 1.3 1.3 17
Clorfibric acid 0.10 ND - 18 0.05 ND - 18
Neutral Drugs: 
Phenazone 0.50 ND 18 0.10 ND 18
Pentoxyfylline 1.0 ND - 18 0.25 0.5 0.6 14
Carbamazepine 0.50 0.7 1.9 0 0.10 0.7 2.3 0
Ifosfamide 0.50 ND - 18 0.10 ND - 18
Cyclophosphamide 0.50 ND - 18 0.10 ND - 18

LOD - Limit of Detection 
ND - non-detect

- not applicable

For environmental risk assessment purposes, knowledge of the distribution of drugs near 

wastewater treatment plants is required to assess exposures of aquatic organisms and 

humans to pharmaceuticals. In both Hamilton Harbour and Windsor, acidic drugs (such 

as ibuprofen and naproxen) and carbamazapine were detected at ng/L concentrations up 

to 500 m away from the WWTP effluent. Drug residues were not detected in open water 

conditions in Lake Erie or in the Niagara River. However, clofibric acid, ketoprofen (an 

analgesic and antipyretic), fenoprofen (an antiphlogistic), and carbamazapine were 

detected in samples collected in Lake Ontario and at a site in the Niagara River, which 

were both relatively distant from wastewater treatment plant discharges (Metcalf, C. et al. 

2003). Therefore, it is believed that hydraulic conditions of the receiving waters strongly 

influence spatial distribution of the compounds (Metcalf, C. et al. 2003).
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2.3 Characteristics of Pharmaceuticals

Pharmaceuticals may be either polar or non-polar in structure. Polar compounds are 

hydrophilic, and therefore move easily through the water (or in this case, the wastewater 

treatment plant). These compounds are some of the most persistent pharmaceuticals 

because they are not significantly sorbed in the subsoil, on sediment, or in activated 

sludge. In the case of groundwater recharge conditions, polar compounds may leach from 

contaminated surface waters into the groundwater aquifers (Heberer, 2002).

Non-polar contaminants are mostly hydrophobic, and therefore more likely to sorb to 

sediments, leading to easier removal in a wastewater treatment plant. Thus, it is also 

unlikely that they would leach through the subsoil. Examples of non-polar contaminants 

include synthetic musk compounds and steroid hormones. Unfortunately, since non-polar 

compounds are hydrophobic, they are also more likely to bioaccumulate in fish and other 

aquatic biota, in sewage sludges, and in aquatic sediments (Heberer, 2002). Living plants 

have the potential to bioaccumulate drugs (regardless of polarity), giving the potential for 

subsequent transfer to animals and humans (Daughton, 2001). Also, biodegradability is 

an important issue both in the wastewater treatment plant, and in the natural environment. 

Information pertaining to the biodegradability, metabolic pathways, conjugation and de

conjugation, sorption, and persistence of each individual pharmaceutical are needed to 

predict the fate of the particular compound. Several drug residues are not eliminated on 

their way through the subsoil (Heberer, 2002), but instead move along with the 

groundwater flow unwillingly sorbing to the surrounding soil particles or biodegrading.
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These two factors are two of the major reasons for the eventual occurrence of 

pharmaceuticals in drinking water sourced from groundwater wells (Stumpf et al., 1999).

2.4 Effects of Pharmaceuticals on the Environment

Pharmaceuticals are designed to be highly bioactive. Their intended biological targets in 

humans or mammals (e.g., receptors) are usually extremely specific. In the environment 

however, unintended and unexpected effects can be caused by previously unrecognized 

drug-receptor interactions, inter-drug interactions, and unidentified receptors. For 

WWTP effluent-receiving surface waters, the effects of these pharmaceuticals on non

target organisms such as aquatic biota are of utmost concern (Daughton, 2001). One of 

the primary examples is the concern that antibiotics in the wastewater will lead to the 

development of resistant pathogens (James et al., 2005). Synthetic and natural hormones 

isolated in wastewater treatment plants have been shown to have significant impacts on 

the biota exposed in the receiving environments (Temes, 1999). Research has found that 

these low concentrations of hormones provoke feminization in some species of fishes or 

other animals found living near the effluent receiving waters. (Heberer, 2002). 

Environment Canada has noted several adverse health effects on the fish and wildlife 

inhabiting the Great Lakes, including the feminization of some herring gulls, diminished 

penis sizes of male snapping turtles, and egg yolk protein production (a female trait) in 

some male snapping turtles (Environment Canada, 2003). Scientists have also discovered 

sexually altered fish off the Southern Californian (Los Angeles and Orange County) 

coast. In this area, three underwater pipelines from off Huntington Beach, Playa del Rey, 
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and Palos Verdes Peninsula release billions of gallons of treated wastewater each day. 

Scientists surveyed 82 male English sole and homyhead turbot and found 11 of them to 

possess ovary tissue in their testes. Two related studies found that two-thirds of male fish 

near the Orange County pipeline had egg-producing qualities. In a laboratory 

experiment, male fish exposed to sediment collected from the pipelines also developed 

egg-producing traits (Associated Press, 2005). In addition, U.S. scientists in 2004 

reported finding egg-growing male fish in Maryland's Potomac River. The scientists 

believe the abnormality may be caused by pollutants from sewage plants, feedlots and 

factories nearby (Associated Press, 2004).

Based on the compounding new evidence, it is undeniable that the presence of 

pharmaceuticals in the effluent of WWTPs has an effect on the fish and wildlife 

inhabiting the receiving surface water body. While high concentrations of female 

hormones have caused observable changes in the physiological make up of some animals 

and fish, it is unknown whether over exposure to other persistent pharmaceuticals, (such 

as ibuprofen or carbamazepine), will generate any observable effects. At this point 

researchers have the difficult task of determining if a pharmaceutical has become 

deleterious to species’ health when the warning signs and effects are unknown.
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2.5 Human Risk Assessment for Pharmaceuticals

Risk assessments involve developing a thorough understanding of a risk, and the ability 

to quantify the degree of the risk. Risk assessments must identify the sources of possible 

risk-causing contaminants, their fate and transport in the environment, their pathways to 

organisms (including humans), and their distribution to target issues or receptors 

(Miyamoto et al., 2003).

Since 1995, environmental assessments have been mandatory when applying for the 

approval of new drugs in the European Union. However, these assessments calculate the 

anticipated risk to aquatic organisms and other animals, and do not deal with humans 

(Christensen, 1998). In terms of human environmental assessments, there are currently 

no regulatory guidelines in place regarding how to perform these risk assessments (Webb 

et al., 2003). Both the European Medicines Evaluation Agency (EMEA) in the European 

Union and the Food and Drug Administration (FDA) in the United States deal with 

pharmaceutical risk assessments for humans using a tiered system that compares the 

predicted environmental concentrations (PEC) with the worst-case no effect 

concentrations estimated from standard toxicity assays (Bound et al., 2004).

Webb et al. (2003) assessed the risk of pharmaceuticals in groundwater by comparing the 

therapeutic dose of a number of different drug compounds to the dose that would be 

ingested through contaminated drinking water. Calculations were based on an assumed 

consumption of 2 L of drinking water per day, and measured pharmaceutical 
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concentrations from regions in Germany. The lifetime daily intake (I70) was also 

calculated. It was found that the margin between potential indirect daily exposure via 

drinking water and the daily therapeutic dose was at least three orders of magnitude or 

greater. Also, in most cases the I70 value was less than the therapeutic dose for a single 

day. This suggests that the risk could be deemed as negligible.

Alternatively, Christensen (1998) used the European Union System for the Evaluation of 

Substances (EUSES) computer software to estimate a reasonable worst-case 

environmental fate and human exposure from worst-case emission quantities. Daily 

intakes of drinking water, leaf crops, root crops, fishes, dairy, meat, and inhalation of air 

were all assumed by the program to calculate daily human exposure rates for each drug 

compound. In terms of geography, EUSES carried out calculations on environmental fate 

and human exposure for both local and regional emission scenarios. Data from Denmark 

was used for regional areas and population estimates. The results indicated a negligible 

human risk connected with environmental exposure to the pharmaceutical substances.

One question pending is whether there is an appreciable risk to humans being exposed to 

trace concentrations over a lifetime (Miyamoto et al., 2003). What effects would 

mixtures of sub-therapeutic drug levels have over this long time period? It is plausible 

that long term effects may follow different toxicodynamic mechanisms than those 

predicted from short-term studies (James et al., 2005)?
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2.6 Mechanisms of Removal of Pharmaceuticals

Possible mechanisms suggested for the removal of pharmaceuticals from wastewater 

include: biodegradation, chemical (abiotic) degradation, sorption (partitioning), 

volatilization, and photodegradation (Metcalfe & Eddy, 2003; Jones et al., 2005b).

2.6.1 Biodegradation

Biodegradation describes the process whereby microorganisms degrade organic material 

either with oxygen (aerobically), or without oxygen (anaerobically, using other electron 

acceptors such as nitrate). WWTPs are designed to facilitate degradation of organic 

molecules present in the sewage coming from municipal sewers. Extensive 

biodegradation (biotransformation and mineralization) is possible in the activated sludge 

aeration tanks where the microbial load is high due to continuous aerobic multiplication 

of microbes. Complete biodegradation to CO2 and H2O is not always possible, but 

biotransformation to a different organic compound is possible. Biotransformations of an 

organic molecule can occur through one or more of the following mechanisms: oxidation, 

oxidative dealkylation, decarboxylation, epoxidation, aromatic hydroxylation, aromatic 

nonheterocyclic ring cleavage, aromatic heterocyclic ring cleavage, hydrolysis, 

dehalogenation, and nitroreduction (Velagaleti, et al. 2002).
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2.6.2 Chemical (Abiotic) Degradation

Chemical degradation is a relevant removal mechanism for substances with low 

biodegradability. Hydrolysis is a reaction controlling abiotic degradation, and is a key 

reaction of organic compounds with water. The chemical reaction is mediated by a direct 

displacement of a chemical group by the hydroxyl group. Hydrolysis could lead to partial 

or complete chemical transformations, depending on the susceptibility of a given organic 

molecule (Velagaleti, et al. 2002).

2.6.3 Sorption (partitioning)

Sorption of organic micropollutants to the sludge in WWTPs depends on two main 

mechanisms: absorption and adsorption. Absorption is the hydrophobic interactions of 

the aliphatic and aromatic groups of a compound with the lipophilic cell membrane of the 

microorganism and with the lipid fraction of the sludge. Adsorption is the electrostatic 

interactions between the positively charged groups of the chemicals and the negatively 

charged surfaces of the biomass (Larsen et al., 2004).

PPCPs that are removed from wastewater by sorption become part of the sludge. Wasted 

sludge is treated via a thermal process (i.e., composting or incineration), where the sorbed 

pharmaceuticals that are not thermally stable will break down. However, if 

pharmaceuticals are not thermally destroyed, there is a risk that they could desorb from 

the sludge later on. This can lead to further contamination problems by re-entering the 
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aquatic environment (e.g. groundwater) via sludge application to land, landfilling, or soil 

erosion. Drugs that do not desorb from the sludge may still have the potential to return to 

the environment via landfilling of sludge or the application of biosolids as a fertilizer/soil 

conditioner (Jones et al., 2005b).

2.6.4 Volatilization

Volatilization occurs in the aerobic part of a WWTP due to the intensive aeration of the 

activated sludge. Volatilization depends on both the aeration intensity and the Henry 

coefficient of a given compound. Since many pharmaceuticals have a molecular mass 

above 250 g/mol, are hydrophobic, and have with a Henry coefficient below 0.005, 

volatilization is not a major removal mechanism (Larsen et al., 2004; Clara et al., 2005).

2.6.5 Photodegradation

Pharmaceuticals in the wastewater can also be degraded if they are exposed to natural 

sunlight, either by direct photodegradation or indirect photodegradation. Direct 

photodegradation by natural sunlight occurs in pharmaceutical compounds that have an 

absorbance in the range of 290-800 nm. Those that do not absorb in this range can also 

be indirectly photodegraded when one or more of the chemical components present in the 

waste effluent absorbs light in the 290-800 nm region and transfers the excitation energy 

to a particular pharmaceutical (Velagaleti et al., 2002). Photodegradation is not expected 

to be a major removal mechanism for pharmaceuticals since penetrating light levels 
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within a WWTP are extremely low due to the higher solids concentrations in the aeration 

tanks (Jones et al., 2005b).

2.7 Current Pharmaceutical Removal Technology

Previous studies have looked at how well pharmaceuticals are removed by the various 

treatment processes in a conventional WWTP, and by membranes and MBRs. Some 

studies have also researched ozonation and advanced oxidation processes for their ability 

to remove drug compounds from wastewater. The results of these published studies are 

summarized in the following three sections.

2.7.1 Conventional Treatment

The “conventional” treatment methods at a wastewater treatment plant include physio

chemical preliminary and primary treatment steps, followed by biological treatment as a 

secondary step, and sometimes followed by some form of tertiary treatment.

In Spain, two physio-chemical processes, coagulation-flocculation and flotation, were 

compared for their ability to remove seven selected PPCPs from a wastewater (Carballa et 

al., 2003). The seven PPCPs used in this study included three antiphlogistics (ibuprofen, 

naproxen, and diclofenac), the antiepileptic drug carbamazepine, the tranquilizer 

diazepam, and two musks (galaxolide and tanalide). In the coagulation-flocculation 

process, temperature, coagulant dose, and coagulant type were study variables for the 
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removal of pharmaceuticals. It was found that this treatment process was only effective 

for musks (60-70% removal), and diclofenac to a lesser extent (50% removal) at higher 

temperatures (25 °C), while all other compounds showed little to no removal (Carballa et 

al., 2003). In the flotation process, temperature and fat content were varied, and analyses 

showed that neutral compounds (i.e., the musks, carbamazepine and diazepam) are more 

effectively removed by the addition of fat, while acidic compounds (i.e., ibuprofen, 

naproxen, and diclofenac) are not (Carballa et al., 2003).

At a wastewater treatment plant in Brazil, the activated sludge process (suspended growth 

system) was compared to a trickling filter (attached growth system) for their respective 

abilities to removal polar pharmaceuticals from wastewater (Stumpf et al., 1999). The 

pharmaceuticals analyzed were: acetylsalicylic acid, clofibric acid, ibuprofen, 

gemfibrozil, ketoprofen, diclofenac, fenoprofen, fenofibric acid, bezafibrate, 

indometacine, naproxen, meclofenamic acid, and tolfenamic acid. The latter two 

compounds are used in veterinary applications. In all cases the activated sludge showed 

better removal of pharmaceutical compounds (between 34% and 83%) over the trickling 

filter (between 6% and 71%) (Stumpf et al., 1999). Within the activated sludge process, 

the quantities of pharmaceuticals sorbed versus those degraded were not differentiated 

between.

Petrovic et al. (2003) compiled data from a number of European researchers concerning 

the elimination of pharmaceuticals in wastewater during the activated sludge treatment 

step. It was found that acidic drugs comprised the major group of PPCPs detectable in 
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the effluent of wastewater treatment plants. Of these acidic compounds, bezafibrate, 

naproxen, ibuprofen, carbamazepine, and diclofenac were the most abundant. Table 2-2 

shows the average elimination percentages, and measured effluent concentrations of eight 

abundant pharmaceuticals that were compiled from Petrovic’s study.

Pharmaceutical I Average elimination I Effluent cohcentra1

Table 2-2 - Elimination at wastewater treatment plants in Europe (Petrovic et al., 2003)

Ibuprofen 65-90 0.37-0.60 (3.4)
Diclofenac 69-75 0.06-0.81 (2.1) Rapid 

photodegradation
Clofibric Acid 34-51 0.12-0.36(1.6) Degradation product of 

lipid-regulating agents
Benzafibrate 83 1.1-2.2 (4.6)

Naproxen 45-66 0.27-0.61 (2.6)
Ketoprofen 69 0.02-0.38 (0.87)
Gemfibrozil 46-69 0.31-0.40(1.9)

Carbamazepine 7 0.30-2.1(6.3) Low removal rate
Note: (parentheses) denote the maximum concentration detected.

Joss et al. (2005) studied the removal of seven pharmaceuticals (carbamazepine, 

diclofenac, ibuprofen, iopromide, naproxen, roxithromycin, and sulfamethoxazole), and 

two fragrances (galaxolide and tonalide), in a municipal WWTP. Results showed that the 

observed removal of the pharmaceuticals was mainly due to biological transformation, 

(although removal of carbamazepine, diclofenac, and roxithromycin was somewhat poor 

overall), while the two fragrances were removed mainly through sorption.

The impact of varying the sludge retention time (SRT) on pharmaceutical removal has 

been investigated by some researchers. The SRT is an approximation of the mean 

retention time of the solids in the bioreactor and is related to the growth rate of the 
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microorganisms. Plants with higher SRTs contain faster growing microorganisms, as 

well as more slowly growing organisms, allowing for a greater biodiversity, and therefore 

greater degradation capabilities. Clara et al. (2005) found that ten PPCPs 

(carbamazepine, diclofenac, ibuprofen, iopromide, naproxen, roxithromycin, 

sulfamethoxazole, bezafibrate, galaxolide, and tonalide) had very low removal rates from 

wastewater when the SRT was also low (i.e., less than five days). However, the study 

found comparable removal rates for each individual pharmaceutical when the sludge age 

was varied between 10 and 80 days, and the temperature varied anywhere between 12°C 

and 21 °C. In contrast, Strenn et al. (2004) found bezafibrate removal improved to 97% 

with increasing SRT, and peaked in removal efficiency at approximately 20 days. No 

reduction in carbamazepine was seen, which was expected since similar results were 

observed in both lab- and field-scale experiments. Diclofenac had varying results, with 

generally low removal rates, and no dependency on SRT (Strenn et al., 2004). It should 

be noted that high SRTs, (for example, greater than 100 days), are not practical in a real- 

world setting.

The previously mentioned studies did not analyze for the metabolites of the compounds, 

so it was unclear if the pharmaceutical compounds were breaking down into their 

respective metabolites or if they were fully degraded. Gobel et al. (2005) performed a 

study investigating the removal of five sulfonamides, four macrolide antimicrobials, and 

trimethoprim. The study also looked at the fate of sulfamethoxazole’s main metabolite, 

N4-acetysulfamethoxazole. Sulfamethoxazole showed no removal in the primary 

clarifier, while N4-acetysulfamethoxazole showed slight removal. After secondary 
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treatment (activated sludge), both the pharmaceutical and its metabolite were found to be 

similarly well removed. After tertiary treatment, neither sulfamethoxazole, nor N4- 

acetysulfamethoxazole showed removal. This research suggests that a parent compound 

and its metabolite will follow similar removal trends in a WWTP.

2.7.2 Membrane Treatment Processes

Membranes are very thin, porous sheets that use pressure-driven separation to separate 

various species in water. The type of filtration is based on the pore size of the membrane, 

ranging from largest to smallest: microfiltration, ultrafiltration, nanofiltration, and reverse 

osmosis. While all membranes will reject suspended solids of a specified size, only 

reverse osmosis can also reject dissolved species.

A membrane bioreactor (MBR) is a technology becoming increasingly popular in 

wastewater treatment. The MBR is used to separate the activated sludge from the treated 

wastewater. In a conventional treatment setting, this process is done through 

sedimentation (the final clarifier). MBRs may be key in direct or indirect recycling of 

wastewaters because of the low sludge load (in terms of BOD), so that the bacteria are 

forced to mineralize poorly degradable organic compounds. In addition, the long life of 

the sludge gives the bacteria time to adapt to treatment-resistant substances.

The rejection of trace organic compounds, including pharmaceuticals, by high pressure 

membranes may be achieved through a combination of steric hindrance, electrostatic 

22



repulsion, and solution effects on the membrane, as well as the different solute and 

membrane properties. Solute properties affecting their rejection by the membrane include 

molecular weight, molecular geometry (length and width), pKa, log KoW, pH, ionic 

strength, hardness, and diffusion (Dp). Membrane properties affecting rejection include 

its molecular weight cutoff, pore size, surface charge (Zeta potential), contact angle, 

surface roughness, the extent of membrane fouling, and the hydrodynamic condition (Xu 

et al., 2005).

Pharmaceutical compound sizes are usually between 100 and 1000 times smaller than the 

pore size of a microfiltration or ultrafiltration membrane. As such, size exclusion cannot 

be a mechanism of removal for these MBR systems, unless the pharmaceutical is sorbed 

to a larger particle. Although size exclusion is an important mechanism when dealing 

with a nanofiltration or reverse osmosis membrane systems, both methods require high 

energy outputs and would not be practical in a large-scale WWTP at this time (Larsen et 

al., 2004). Another key aspect of MBRs is that the SRT can be greatly increased to levels 

above what can be obtained in secondary treatment at a conventional WWTP, which 

would promote sorption and biodegradation.

A study was performed which compared membranes of different molecular weight 

cutoffs (MWCO) for efficiency in ibuprofen removal from an MBR treatment system 

(Park et al., 2004). Results from this study showed that the nanofiltration membrane 

(MWCO of 150 to 300 daltons), along with the polymeric ultrafiltration membrane 

(MWCO of 8000 daltons) both rejected greater than 90% of the ibuprofen at low Jq/K 
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values. (Jo/K is the hydrodynamic ratio where Jo is the permeate flux and K is the mass 

transfer coefficient). It was postulated that at low Jo/K values, the electrostatic repulsion 

mechanism governs since the applied pressure is not too large to overcome this. As the 

Jo/K values increase, lower amounts of ibuprofen are rejected by the membrane, and the 

size exclusion mechanism begins to govern (Park et al., 2004).

A comparison of pharmaceutical removal rates between the membrane types themselves, 

(ie. microfiltration, nanofiltration, and reverse osmosis), was undertaken at an advanced 

water recycling demonstration plant in Australia (Khan et al, 2004). From this study, it 

was found that reverse osmosis was the most effective membrane type for removing 

pharmaceuticals from wastewater. This was an expected result since reverse osmosis is 

capable of retaining even dissolved species. This property would be most important for 

removing polar drug compounds, which are very mobile in water. However, as 

mentioned previously, reverse osmosis membrane systems are economically unfeasible at 

this time for a large-scale WWTP due to the high energy outputs required.

A number of studies have been undertaken to compare removal of hormones and steroids 

from wastewater using both nanofiltration and reverse osmosis membranes. A study in 

Australia compared eight nanofiltration and reverse osmosis membranes for their ability 

to retain the natural hormone estrone. Estrone is a hydrophobic compound with very low 

solubility in water and a high octanol-water partitioning coefficient. This implies that 

estrone would readily sorb on to particles and surfaces (Schaefer et al., 2003). In the 

study, all membranes were made of similar polyamide materials. Results from this study 
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showed that estrone retention by the membrane is governed more by adsorptive effects 

than by size exclusion. As filtration continued, adsorptive effects were seen to decrease 

on account of site saturation along the membrane.

When comparing between conventional treatment processes and an MBR system, both 

conventional WWTPs and MBRs have been hypothesized by different researchers to 

outperform one another in terms of pharmaceutical removal efficiency. Wintgens et al., 

(2004) proposed that MBRs would show slightly better removal efficiencies than a 

WWTP since the drug compounds would sorb to the sludge, which would then be 

retained by the membrane. It is now known, (as outlined in the previous section, 2.7.1), 

that for the majority of pharmaceuticals, biodegradation is the most important removal 

mechanism, while sorption governs removal of the musks and fragrances. It was also 

suggested that since activated sludge is held back by the membrane in the MBR, the 

bacteria would have a longer opportunity to acclimatize, thereby increasing 

pharmaceutical removal efficiencies. For larger sized drug compounds that are greater 

than the membrane’s MWCO, size exclusion could play an important role in removal 

(Wintgens et al., 2004).

Two recent studies have compared the performance of a conventional WWTP to an 

MBR system (outfitted with an ultrafiltration membrane) for their respective abilities to 

remove pharmaceuticals from wastewater. Clara et al. (2005) analyzed the removal of 8 

different pharmaceuticals and 2 different musks in several WWTPs, and an MBR pilot 

system. The SRTs were also varied in both the WWTPs and the MBR system. The 
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researchers found no differences in treatment efficiencies between the two treatment 

techniques, and it was concluded that the ultrafiltration membrane does not allow any 

further retention of the investigated substances due to size exclusion (Clara et al., 2005). 

Joss et al. (2006) also investigated the rate of pharmaceutical degradation in conventional 

WWTPs and MBR systems by performing batch experiments using conventional WWTP 

and MBR mixed liquor. The samples were spiked with known concentrations of a 

particular pharmaceutical, and then allowed to react for 48 hours. Samples were taken at 

various times during the 48 hour period and analyzed. In total, 26 different PPCPs were 

analyzed for. In contrast to Clara’s results and Wintgen’s hypothesis, Joss found that the 

rate of biodegradation for a conventional WWTP is greater than that for an MBR system. 

Joss postulated that the lower biological transformation rates seen in the MBR, as 

compared to the conventional WWTP was caused by the higher inert matter accumulation 

in the MBR, since MBR sludge ages are much greater than that of conventional plants (20 

to 40 days for the MBR versus 10 to 12 days for the conventional WWTP). With limited 

studies available, data regarding biodegradation in MBRs versus conventional plants is 

not conclusive, and as such, more research is needed in this area.

2.7.3 Ozonation and Advanced Oxidation Processes

Advanced oxidation processes (AOPs) involve using highly reactive radicals (namely the 

hydroxyl radical) as a primary oxidant at ambient temperatures. A number of methods 

can be used to generate these radicals, such as ozone at an elevated pH, ozone with 

hydrogen peroxide, ozone with ultraviolet radiation (UV), hydrogen peroxide with UV, 

26



and titanium dioxide photocatalysis. AOPs, along with conventional ozonation are 

beginning to be studied for their ability to remove pharmaceuticals from wastewater. 

Preliminary research has shown AOPs using ozone, and hydrogen peroxide with UV, to 

be most effective.

Rate constants govern the degradation (or creation) of a particular compound over time. 

The second-order rate constants for the reactions of pharmaceuticals with ozone and 

hydroxyl radicals are denoted as ko3 and kon, respectively (Huber et al., 2003). High rate 

constants indicate faster reactions. Many pharmaceuticals with high kO3 and kon values 

are completely transformed during the ozonation process, and therefore would be 

effectively removed during such treatment. However, the degradation efficiency of an 

AOP is limited by the radical scavenging capacity of the wastewater. Thus, for sufficient 

degradation of the pharmaceuticals (>90%) from wastewater, the ozone concentration has 

to be equal to the dissolved organic carbon (DOC) value, which means that economic 

considerations have to govern the feasibility for the process for wastewater treatment 

(Andreozzi et al., 2004).

In a recent study, Temes et al. (2003) compared ozonation to two methods of advanced 

oxidation for the removal of pharmaceuticals from wastewater. A pilot plant was set up 

to receive wastewater effluent from a German municipal WWTP. Caffeine, 18 

pharmaceuticals, and 2 musks were analyzed before and after disinfection treatment with 

10-15 mg/L ozone over an 18 minute contact time. No pharmaceuticals or musks were 

detected in the disinfection effluent. Advanced oxidation processes (ozone with UV - 
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low pressure mercury arc, and ozone with hydrogen peroxide) were similarly tested, and 

researchers’ findings showed no significant difference in removal efficiency between the 

AOPs and ozonation.

Huber et al. (2005) conducted a study that analyzed several pharmaceuticals and 

estrogens (i.e., diclofenac, naproxen, indomethacin, several macrolide and sulphonamide 

antibiotics) before and after ozone treatment. The ozone dosages used in the study were 

greater than 2 mg/L, and effluent analyses found the pharmaceutical removal rates to 

range from 90% to 99%. These results concur with Temes’ findings that many 

pharmaceuticals present in wastewater can be efficiently oxidized with ozone.

Current research has demonstrated that the technology is available to efficiently remove 

pharmaceuticals from wastewater using both ozonation or AOPs, however, the caveat to 

these findings is that the capital and operational costs are extremely high for these 

treatment options (Jones et al., 2005b).

2.8 Removal Characteristics and Equations

In equilibrium conditions, the concentration of a pharmaceutical sorbed onto sludge has 

been shown to be proportional to the drug concentration in solution via the following 

equation:
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Csorb — Kd xCwxSS (1)

Where Csorb is the sorbed compound concentration (M/L3); Ka is the sorption coefficient 

of the particular pharmaceutical compound (L3/M); Cw is measured soluble compound 

concentration (M/L ) (Temes, 2004; Joss et al., 2005); and SS is the suspended solids 

concentration (M/L3) (Joss et al., 2005). Rearranged,

SSxCw
(2)

The sorption coefficient (IQ) is a value that indicates the sorption behavior of the 

compound. In the past, researchers have attempted to estimate this coefficient using 

physiochemical properties such as chemical structure, aqueous solubility, the 

octanol/water partition coefficient, and Henry’s Law constant (Khan et al., 2004; Jones et 

al., 2005b). In general, compounds with higher octanol-water partitioning coefficients 

(IQW) and organic carbon constants for partitioning to soil (IQc) tend to sorb better to 

suspended and bed sediment. Rogers (1996) presented a guide to the significance of 

sorption. In this guide, if a pharmaceutical’s log IQW was <2.5, this represented a low 

sorption potential; a log IQW between 2.5 and 4.0 represented a medium sorption 

potential; and a log IQW greater than 4.0 represented a high sorption potential. However, 

later research showed that predicting the IQ values for pharmaceuticals had to be 

calculated from more than a just simple linear relationship based on the 1QW value. Stuer- 

Lauredsen et al., (2000) proposed the following formula to calculate the sorption 

coefficient:
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^^xOAlx/Q, (3)

Where foe is the fraction of organic carbon in the sludge. Subsequent analyses using this 

equation showed that modeled values were frequently at least one order of magnitude 

higher than the measured ones (Temes et al., 2004b). With the unsuccessful attempts to 

model sorption based on BQW, researchers now accept that there is no direct mathematical 

relationship relating the observed Ka value with a literature value such as BQW (Gray et 

al., 2005). The most accurate way to correctly obtain the IQ value is to measure it first

hand.

Temes et al. (2004) and Gobel et al. (2005) measured the sorption coefficient (BQ) for a 

suite of pharmaceuticals by spiking selected pharmaceuticals in to samples of primary 

and secondary process wastewater taken from a German municipal WWTP. Aerobic 

biodegradation was stopped by replacing the oxygen environment with an argon 

atmosphere. The water and solid sludge phases (Cw and Csorb), and suspended solids 

concentration, SS, were then analyzed after defined exposure times. The results were 

used to calculate BQ (Temes et al., 2004b). The calculated BQ values for a variety of 

pharmaceuticals are shown in Table 2-3.

As seen in the table, most pharmaceuticals have a very low sorption coefficient, while the 

two musks (galaxolide and tonalide) have very high coefficients. Temes et al., (2004b) 

asserts that removal by sorption in a WWTP can be assumed to be negligible if the 
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compound’s IQ value is less than 500 L/kg SS. Alternatively, Joss et al. (2005) suggests 

that sorption is only an important removal mechanism when a pharmaceutical’s IQ value 

is greater than 300 L/kg SS. When sorption is important, research has found that pH, 

retention time, temperature, and composition of the sludge are critical parameters (Temes 

et al., 2004b).

Table 2-3 - Sorption coefficients observed, in batch experiments using wastewater, 
primary and secondary sludges from a municipal wastewater treatment plant (Ternes et 
al., 2004 and Joss et al., 2006)

Drug Compound

Azithromycin n.a. 380±90

Carbamazepine <20 1.2±0.5
Clarithromycin n.a. 260±95

(Anhydro-) erythromycin n.a. 165

Diazepam 44±26 21±8
Diclofenac 459±32 16±3

Fenoprofen n.a. 26

Ibuprofen <20 7±2

Indomethacin n.a. 28

Naproxen n.a. 13

Paracetamol n.a. 0.4

Clofibric acid <30 5±3

Gemfibrozil n.a. 75

Galaxolide 4920±2080 1810±530

Tonalide 5300±1900 2400±960
n.a. — value not available

During primary treatment (including screening and sedimentation), there are negligible 

amounts of biodegradation occurring. As such, any pharmaceutical removal seen during 
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this stage is a result of sorption. The K<j values listed in the previous table indicate that 

sorption is not a factor in the removal of most pharmaceuticals, and a number of recent 

studies concur with these findings (Jones et al., 2005b; Thomas et al., 2005). One such 

study by Thomas et al., (2005) sampled a WWTP after each treatment stage and found 

little change from before to after primary treatment, and found significant decreases in 

pharmaceutical concentrations after secondary treatment. Generally, any pharmaceutical 

removal seen during primary treatment is a result of sorption, and any removal seen 

during secondary treatment is due to biodegradation. The results of Thomas’ study 

indicate that the majority of pharmaceuticals are removed during secondary treatment 

through biodegradation.

According to batch experiments, the degradation of pharmaceuticals can be described by 

the following pseudo first-order degradation equation:

^ = 4„xSSxC, (4)
at

where C is the total concentration of the compound (M/L3); kbjOi is the kinetic constant for 

first order degradation (L3/M); and t is the time (T) (Temes, 2004; Joss et al., 2006). In 

this equation, the SS concentration is used as an approximation of the total active biomass 

that is present in the wastewater.

It should be noted that the term “first order” refers to the direct proportionality of the 

transformation rate to the soluble substance concentration, Cw. The term “pseudo” refers 
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to its proportionality to the SS concentration, which can be assumed to be constant for 

short-term batch observations (Joss et al., 2006). Studies have confirmed that the pseudo 

first-order degradation kinetics hold for all pharmaceuticals right down to small (ng/L) 

concentrations (Joss et al., 2006).

Researchers have looked at finding a method to quickly estimate kbioi, the kinetic constant 

for first order degradation. Unbranched compounds with short side chains generally 

degrade more easily than those compounds with long, highly branched side chains. Also, 

unsaturated aliphatic compounds are generally more accessible to biodegradation than 

saturated analogues or aromatic compounds with complicated aromatic ring structures 

and sulfate or halogen groups (Jones et al., 2005b). However, these observations are only 

guidelines and do not apply to all pharmaceuticals. To date, no quantitative relationship 

between compound structure and activity has been established for pharmaceutical 

biodegradation (Joss et al., 2005).

Recently, kbioi values were calculated using batch experiments. Wastewater containing 

activated sludge from both a municipal WWTP and an MBR were collected and 

separately spiked with certain pharmaceuticals. The samples were aerated and analyzed 

at specific time intervals in order to calculate the biodegradation constant. The following 

table (Table 2-4) contains the resulting kbioi values for a conventional WWTP and an 

MBR system.
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Compounds with kbioi less than 0.1 L/g SS*d are not significantly removed through 

biodegradation (<20%). Compounds with kbioi values between 0.1 L/g SS*d and 

10 L/g SS*d are only moderately removed, while compounds whose kbioi is greater than 

10 L/g SS*d are transformed by more than 90%. During this study, the kbioi for 35 

different PPCPs was calculated, and of these only four pharmaceuticals (ibuprofen, 

paracetamol, 17P-estradiol, and estrone) would be expected to be removed by more than 

90%, while 17 would be removed by less than 50% according to their biodegradation rate 

constants. This is a very grim statistic on society’s current ability to remove 

pharmaceuticals from a WWTP.

Table 2-4 - Degradation rate constant (kbioi) observed in batch experiments with 
municipal WWTP activated sludge and MBR activated sludge (Joss et al., 2006)

Azithromycin ^).13 <1.5
Carbamazepine ^1.009 ^1.009
Clarithromycin <0.5 <2.0

(Anhydro-) erythromycin 3).12 ^.1
Diazepam <0.035 10.035
Diclofenac 10.1 1O.1

Fenoprofen 10-14 3.3-5.9
Ibuprofen 21-35 9-22
Indomethacin <0.3 <0.21
Naproxen 1.0- 1.9 0.4 - 0.8
Paracetamol 58-80 106-240
Clofibric acid 0.3-0.8 0.1-0.23
Gemfibrozil 6.4 - 9.6 0.5- 1.8
Galaxolide ^).O5 ^).05
Tonalide <0.02 i0.02
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During secondary treatment, the parameters influencing the degradation efficiency are 

believed to include SRT, substrate availability, redox conditions (aerobic, anoxic, or 

anaerobic), sorption (as a competitive reaction), and reactor configuration (number of 

cascaded compartments, biofilm growth surface, sand filtration) (Larsen et al., 2004). 

The influence of each of these factors is not yet completely understood. Some research 

has analyzed the influence of SRT, sludge load, and reactor configuration, and the results 

are discussed below.

Certain compounds have been shown to be removed more efficiently by increasing the 

SRT of the plant to greater than 10 days. This can be accomplished by reducing the 

sludge loading rate (SLR) and/or increasing the hydraulic retention time (HRT). SRT is 

related to the growth rate of the microorganisms, since the retention time governs how 

long organisms are detained in the tank while reproducing and enriching the variety of 

microorganisms. This enables populations of slower growing bacteria to develop in to a 

more diverse biocoenosis and also serves to increase the potential for the acclimatization 

of the population to the compounds encountered in the wastewater. This change in the 

bacterial population with time means any chemicals in the sewage are exposed to a 

greater array of bacterial and bacterial enzymes, increasing the likelihood that they will 

be degraded to less harmful compounds (Kruezinger et al., 2004; Jones et al., 2005b).

Sludge load, known as the F/M ratio (food to microorganisms) has also been evaluated as 

an important parameter governing removal efficiency. As expected, WWTPs with short
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SRTs and high F/M ratios were found to poorly remove pharmaceuticals from wastewater 

(Kruezinger et al., 2004).

Joss et al. (2006) postulates that the following sludge characteristics assert an influence 

over the pharmaceutical removal efficiency: diversity of the activity of the biomass due to 

either differences in microbial populations or the expressed enzymatic activity, the 

fraction of active biomass within the total suspended solids, and finally, the floc size of 

the sludge.

The influence of reactor configuration on biological degradation has also been recently 

studied. It has been found that plug flow reactors (PFRs) are better at eliminating drug 

compounds over continuous flow stirred tank reactors (CSTRs) with one chamber. 

However, CSTRs with three chambers was seen to have similar removal efficiencies to 

the PFR. In the case of musks, where sorption plays the biggest role in removal, both 

CSTRs (with any number of chambers) and PFRs exhibit similar removal performance 

(Joss et al., 2006).

2.9 Ibuprofen

Ibuprofen (a-Methyl-4-[isobutyl]phenylacetic acid) is a nonsteroidal anti-inflammatory 

(NSAID) analgesic and antipyretic drug widely used in the treatment of rheumatic 

disorders, pain, and fever. It is a popular over-the-counter drug, with 6696 kg being 

consumed in Austria each year (Clara et al., 2005). Ibuprofen has a relatively high daily 
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therapeutic dose of 600 to 1200 mg/d. It is excreted to a significant degree (70-80% of 

the therapeutic dose) as the parent compound or in the form of its metabolites (Buser et 

al., 1999). Figure 2-2 shows the chemical structure of ibuprofen.

ch3

Figure 2-2 - Chemical structure of ibuprofen

Ibuprofen has an asymmetrically substituted carbon atom and is chiral. An enantiomer is 

a pair of chemical compounds whose structures are a mirror-image of each other. 

Ibuprofen has two enantiomers, labelled “S” and “R”. The desired pharmacological 

effects reside almost exclusively in the S enantiomer, yet a combination of both are used 

in the medicinal form since it has been shown that in humans (and other mammals), the 

inactive (R)-(-)-ibuprofen undergoes extensive (unidirectional) chiral inversion to yield 

the active (S)-(+) compound (Buser et al., 1999). The “S” enantiomer of ibuprofen is 

excreted in a much greater concentration than the “R” enantiomer, however, the “S” 

enantiomer degrades faster in sewage systems and in surface water. The principal 

metabolites of ibuprofen are hydroxyibuprofen, carboxyibuprofen, and 

carboxyhydratropic acid, which are shown in Figure 2-3 (Buser et al., 1999; Zwiener et 

al., 2002).
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carboxyibuprofen

Figure 2-3 - The chemical structure of ibuprofen’s metabolites

OH
hydroxyibuprofen carboxyhydratropic acid

Studies have found hydroxyibuprofen to be the dominant metabolite under oxic 

conditions, and carboxyhydratropic acid to be dominant under anoxic conditions. 

However, the metabolites combined do not account for more than 10% of the original 

ibuprofen concentration in a given sample (Zwiener et al., 2002).

Removal of ibuprofen in wastewater has been found to be very efficient in conventional 

WWTPs (Buser et al., 1999, Temes et al., 2004b; Clara et al., 2005; Thomas et al., 2005; 

Joss et al., 2006). Studies have shown that the majority of the removal of ibuprofen 

occurs in secondary treatment through biodegradation, while sorption of ibuprofen to 

particulates and sludge appears to be negligible since the IQ values for ibuprofen in 

primary and secondary sludge are both below the 300 L/kg SS threshold sorption value. 

As outlined in Section 2.7, Temes et al. (2004b) calculated the sorption coefficient IQ for 

ibuprofen in primary sludge to be below the limit of quantification (LOQ was 

<20 L/kg SS), and in secondary sludge to be 7.1 ± 2.0 L/kg SS.

Ibuprofen may be more easily biodegraded in wastewater than other pharmaceuticals due 

to its molecular structure, (a single ring), which is simpler than the structure of many 

other drug compounds. Joss et al. (2006) found the biodegradation constant (kbioi) for 
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ibuprofen to be between 21 and 35 L/g SS*d in a conventional treatment plant, and 

between 9 and 22 L/g SS*d for an MBR system. According to the European Union’s 

project POSEIDON, a kbioi of 10 or greater indicates more than 95% removal by 

biological degradation. The POSEIDON project calculated the kbioi for ibuprofen to be 

(23 ± 10) L/g SS*d. In other studies, ibuprofen removal rates have varied from 60% to 

99%, depending on both the type of secondary treatment and the scale of the WWTP. 

Generally, full-scale plants had higher ibuprofen removal rates than pilot-scale WWTPs, 

and suspended growth biological treatment processes (i.e., activated sludge) had higher 

removal rates than attached growth processes (i.e., fixed film reactors) (Buser et al., 

1999; Thomas et al., 2005).

While the biodegradation occurring in a municipal WWTP or MBR is aerobic, few 

studies have looked at whether anaerobic biodegradation could also remove 

pharmaceuticals from wastewater. In a recent study by Temes et al. (2004b), oxygen was 

replaced by argon gas in a closed system (an anaerobic environment), and pharmaceutical 

degradation was found to be negligible. These results conflict with the findings of Jones 

et al. (2005b) which support the presence of anaerobic biodegradation. Jones found that 

WWTPs that employ nitrification and denitrification also exhibit significantly lower 

concentrations of drugs (including ibuprofen) in their effluent.

Another possible mechanism of removal at the activated sludge stage is volatilization. 

When the dimensionless Henry gas water partitioning coefficient (H) is less than 10’5, 
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volatilization is negligible. This is the case for ibuprofen as well as all other 

pharmaceuticals (Joss et al., 2006).

2.9.1 Characteristic Removal Equations for Ibuprofen

Since removal by sorption and volatilization is negligible for ibuprofen, the equations 

presented in Section 2.8 can be simplified. The total concentration of the ibuprofen 

present in the wastewater is equal to the sum of the soluble ibuprofen concentration and 

the sorbed ibuprofen concentration:

C = Cw + Csorb (5)

However, the sorbed ibuprofen concentration must essentially be zero since the 

calculation of Csorb (see Equation 2) is based on the sorption constant Ka, which is very 

small for ibuprofen. Therefore, the total ibuprofen concentration is equal to the soluble 

ibuprofen concentration:

C = CW (6)

In a batch reactor or PFR, the relative amount of ibuprofen degraded can be described by 

the following equation:
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_ ^-^xSSxWRr) 

c0
(7)

Where Co is the influent substance concentration of the compound (M/L3); Ce is the final

substance concentration of the compound (M/L3); and HRT is the hydraulic retention

time of the whole reactor or duration of the batch (T) (Temes, 2004).

In a CSTR the relative amount of ibuprofen degraded is calculated by the following

equation:

e _

’o 1 + (kbjo! x SS x HRT)
(8)

Since sorption is not a mechanism of removal, ibuprofen is not sorbed to the sludge, and

there is no need to set up a complete mass balance over the entire WWTP. Instead, the

removal can be assessed by direct comparison of the influent and effluent concentrations

(Joss et al., 2005). As such the relative ibuprofen removal due to the biological

transformation can be calculated as:

Removal %= 1---- e- xl00% 
Cn

(9)
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2.10 Literature Review Summary

Research in pharmaceutical removal from wastewater has only began intensifying over 

the past decade. As a result, there are still a multitude of unexplored avenues and 

questions that need solving. One such question involves the comparison between 

conventional WWTPs and MBRs in terms of their ability to degrade pharmaceuticals. A 

2005 study by Clara et al. found no differences in the removal efficiencies of the two 

treatment methods, whereas a 2006 study by Joss et al. found conventional WWTPs to be 

superior to MBRs in terms of their biodegradation rate. The following research, as 

detailed in Chapters 3 through 6, aims to analyze the biodegradation of ibuprofen in both 

an MBR system and a conventional WWTP in order to resolve the conflicting studies. To 

my knowledge, only one other report (POSEIDON project, 2004) presents measured 

biodegradation constants (kbioi) for pharmaceuticals. In the POSEIDON report, the kbioi 

values are for conventional WWTPs, while Clara and Joss present values for both 

conventional WWTPs and MBRs. In total, only 2 kbioi value data sets have been 

published, so the following research will expand on the limited amounts of data that are 

currently available.

While the biodegradation occurring in a municipal WWTP or MBR is aerobic, few 

studies have touched on whether anaerobic biodegradation would be effective in 

removing pharmaceuticals from wastewater. To characterize the ability of WWTPs to 

anaerobically degrade ibuprofen, the following research will also examine ibuprofen 
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removal through a biological nutrient removal (BNR) system that includes an influent 

tank, an anaerobic tank, an anoxic tank, and an aerobic tank.
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3 METHODOLOGY

This chapter will detail the procedures followed for each of the tests conducted during 

this research. The first section discusses the layout and the treatment processes used at 

the City of Guelph municipal WWTP. Following this, the details of the initial sampling 

event, which was comprised of a full pharmaceutical scan, are presented. In section 3.3, a 

thorough methodology for the sample clean-up and analysis of ibuprofen is given. This 

section also includes the method used for constructing concentration curves, obtaining the 

surrogate standard acceptability range, and determining the lower limit of detection, 

method detection limit and ibuprofen recovery percentages. The procedure used for 

sampling the City of Guelph WWTP, the GE Zenon MBR pilot plant, and the BNR pilot 

plant are described in Sections 3.4, 3.5, and 3.6, respectively. Following these sections, 

the method used for the biodegradation studies is presented. Finally, the chapter 

concludes with the methodology used to investigate the impact of sorption, and the 

methodology used for the volatilization study.

3.1 Sampling at the City of Guelph Wastewater Treatment Plant

Throughout this research, all sampling was conducted at the City of Guelph’s municipal 

wastewater treatment plant. Figure 3-1 shows the layout of the City of Guelph WWTP.
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Speed River

Figure 3-1 - Schematic of the City of Guelph WWTP
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The city’s WWTP facilities are comprised of 4 plant treatment trains. All raw wastewater 

entering the facility is first pumped up in to the “headworks” building using large 

Archemedes screw pumps, as seen in Figure 3-2.

Figure 3-2 - The Archemedes screw pump

Archemedes screw pumps are able to pump a large quantity of water at low lifts with 

minimal sheer stress, and therefore, minimal maintenance. Within headworks, the 

wastewater flows through bar racks (coarse screens) in order to remove objects and large 

particles from the water, and then through a step screen which removes smaller particles 

(as small as 6 mm) from the water (see Figure 3-3).
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Figure 3-3 - Step screen

Following the step screen, the wastewater enters a grit chamber for grit removal, and then 

exits headworks. From here, the wastewater is split in to four separate channels, each 

leading to one of four different plants. The City of Guelph WWTP operators are able to 

control the amount of wastewater that flows to each plant by opening and closing gates 

located within the channels at the head of each plant. The four plants are identical in their 

treatment stages, each starting with primary clarification (sedimentation), followed by 

aeration tanks and then final clarification. Figure 3-4 shows a primary clarifier and 

Figure 3-5 shows the aeration tank at Plant #3. At the City of Guelph WWTP, a polymer 

is added prior to the primary sedimentation basin in order to increase settling. Within 

primary treatment, many solids and floating material are removed through settling. 

Skimmers collect the floating material, while scrapers collect the settled solids (primary 
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sludge) along the bottom of the tank. The wastewater passes over weirs to effluent 

troughs that direct the flow in to the aeration tank.

Figure 3-4 - Weir and effluent trough of a primary clarifier

Upon entering the aeration tank, activated sludge is added to the wastewater, and the 

mixture is continuously aerated. This stage is known as biological treatment since the 

purpose of the microorganisms (activated sludge) is to break down organic material 

contained within the wastewater. The HRT of Plant #1, #2, #3, and #4 aeration tanks is 

6.5, 9.2, 7.5, and 14.2 hours, respectively. (Plant #4 has an extended aeration basin.) 

After exiting the aeration basin, the wastewater enters the final clarifiers to remove the 

activated sludge from the water. The final clarifiers are similar to the primary clarifiers in 

design, with a settling basin, followed by a weir and an effluent trough.
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Figure 3-5 — Aeration tank

At this point, the wastewater exits the final clarifiers and the flow from all four plants 

converges and enters rotating biological contactors (RBCs). These RBCs, as seen in 

Figure 3-6, are attached growth biological reactors where microorganisms live on a disk 

that slowly rotates (approximately 1 revolution per minute) in and out of the wastewater.

Figure 3-6 - Rotating biological contactors
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The disks have a diameter of about 3.5 m, and the surface area of each disk is extremely 

high to allow for more biomass to grow. The RBCs used at the City of Guelph WWTP 

are a means of tertiary treatment since they require wastewater to have a very low 

suspended solids concentration in order to operate effectively, and the secondary 

treatment with final clarification provides these low concentrations.

Upon exiting the RBCs, the water passes through sand filters which further remove any 

suspended and colloidal solids as well as protozoan cysts and oocysts. Depth filtration 

(sand filtration) is an important step to follow biological treatment (via the RBCs) since 

the sand filters will also remove biomass and other solids that may have sloughed off in 

to the water in the RBCs. Figure 3-7 shows one of the sand filters at the City of Guelph 

WWTP.

Figure 3-7 - Slow sand filtration
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Sand filtration is also regarded as a polishing step before disinfection. The City of 

Guelph disinfects the wastewater effluent using chlorine. After applying the chlorine, the 

effluent moves through a PFR, (or chlorine contact chamber), to achieve the desired 

contact time. Figure 3-8 shows this chlorine contact chamber.

Figure 3-8 - Chlorine contact chamber

After exiting the contact chamber, the effluent is directed in to the Speed River, a local 

water body which connects downstream to the Grand River.

3.2 Initial Sampling

The initial sampling event was comprised of two samples: one influent and one final 

clarifier effluent sample. The influent sample was taken from the “headworks” building 
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where the raw wastewater enters the facility, and the effluent sample was taken from the 

Plant #4 final clarifier. (Please refer to Figure 3-1 for these locations.) Each sample was a 

24-hour composite sample. The influent sample was collected from 6:00 pm on June 13, 

2005 until 6:00 pm on June 14, 2005. It requires approximately 16 hours for a slug of 

water entering the City of Guelph WWTP to move from headworks through to the Plant 

#4 final clarifier effluent. In an effort to theoretically sample the same slug of water, the 

24-hour composite effluent sample began being collected 16 hours after the influent 

sample began its collection. Therefore, the final clarifier effluent sample was collected 

from 10:00 am on June 14, 2005 until 10:00 am on June 15, 2005. Both samples were 

kept on ice throughout the composite sampling period. Upon completion of the sampling, 

the samples were put in to a cooler packed with ice and immediately transported to the 

Water Quality Centre (WQC), located at Trent University in Peterborough, Ontario, for 

analysis. The WQC was chosen for this initial investigation since the analytical 

methodologies for a suite of pharmaceuticals had already been well established at the 

Centre, and it was necessary to test for a variety of pharmaceuticals in the initial sampling 

in order to understand the types of pharmaceutical contaminants entering the City of 

Guelph WWTP. The list of pharmaceuticals analyzed for by the WQC is outlined in 

Table 3-1.

The samples were analyzed by Dr. Xiaoming Zhao, working under the supervision of Dr. 

Chris Metcalfe. Dr. Zhao’s primary research focuses on the analysis of pharmaceuticals 

using liquid chromatography-tandem mass spectrometry. Dr. Metcalfe is well known for 

his research on the fate and distribution of PPCPs in the environment.
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Table 3-1 - Initial sampling parameters

Acidic Compounds -Bezafibrate 
-Diclofenac 
-Gemfibrozil 
-Ibuprofen 
-Naproxen

Neutral Compounds -Caffeine 
-Carbamazepine 
-Cotinine 
-Fluoxetine 
-Trimethoprim

Miscellaneous 
compounds

-Triclosan
-Sulfamethoxazole

The samples were first prepared by Dr. Zhao using a solid phase extraction (SPE), and 

then analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). A 

detailed procedure of the sample cleanup and analysis process used by the WQC can be 

found in Appendix A.

3.3 Analysis of Ibuprofen in Wastewater

Following the initial sampling (detailed in the previous Section 3.2), the remainder of the 

wastewater samples collected were analyzed for ibuprofen at the University of Guelph, 

School of Engineering laboratory. The wastewater samples were cleaned up and prepared 

through a solid phase extraction (SPE), and then analyzed by Gas Chromatography/Mass 

Spectrometry (GC/MS).

To begin, 1-L samples were collected. The large sample volume was necessary in order 

to detect the small concentrations (in the ng/L range) of ibuprofen present in a sample.
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The samples were then filtered in order to remove particulate matter that can clog the 

extraction cartridge and cause interferences in the GC. The waste water samples were 

filtered through two types of glass fibre filter papers (1.5 pm Whatman 934/AH filters, 

followed by 1.0 gm Whatman GF/B filters.) It was necessary to use both filter papers 

because when only the 1.0 pm filter paper was used, the heavy suspended solids loads 

from the wastewater samples quickly clogged up the filter, making the filtering process 

extremely and inefficiently slow. When only the 1.5 pm filter paper was used the 

filtering process was quicker, however, the filtrate was translucent (cloudy), indicating 

that there were some colloidal solids still present in the sample. When the 1.5 pm filter 

paper was followed by the 1.0 pm filter, the final filtrate was clear.

After filtering, the samples were adjusted to an acidic pH of 2.0 using 1 N hydrochloric 

acid (HC1), and if necessary, 1 M sodium hydroxide (NaOH). Since ibuprofen is an 

acidic drug, lowering the pH of the wastewater sample increases the recovery of this drug 

because more is retained on the extraction cartridge. Studies have found a pH of 2.0 

provides the best recovery of ibuprofen in SPEs (Waters, 2003; Ollers et al., 2001; 

Koutsouba et al., 2003). The addition of HC1 and NaOH for pH adjustment has no affect 

on the ibuprofen or the analytical results. After adjusting the pH, the samples were 

covered with Parafilm wax. At this point, the samples can be stored at 4°C for up to 24 

hours before they must be analyzed.

A surrogate standard was then added to each acidified sample. A surrogate standard is a 

form of quality assurance and quality control (QA/QC) that is used to ensure that the 
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sample preparation and analytical procedure is consistent and reliable. Meclofenamic 

acid was used as the surrogate standard. Meclofenamic acid is a NS AID that is 

completely metabolized in the human body, and is therefore unlikely to be found 

naturally in wastewaters (Thomas, et al., 2004). Meclofenamic acid was purchased from 

Sigma Aldrich, and a standard stock solution was prepared in ethyl acetate. A 

concentration of 1000 ng of meclofenamic acid dissolved in 50 pL of ethyl acetate was 

spiked in to each wastewater sample.

Oasis HLB 60 mg extraction cartridges (purchased from Waters Corporation) were 

chosen for the extraction. A recent study of 7 different SPE sorbent cartridges found that 

the recovery of ibuprofen (along with all other acidic drugs) was highest using the Oasis 

HLB cartridges (Weigel et al., 2004). The Oasis HLB cartridge contains a polystyrene

di vinylbenzene-N-vinylpyrrolidone terpolymer, a functionalized polymer made up of 3 

monomers polymerized together to provide both hydrophilic and lipophilic 

characteristics. The vinylpyrrolidone monomer is polar and hydrophilic with excellent 

wetting abilities. This results in increased mass transfer and additional potential for 

interactions with the target compounds, thus leading to a higher retention. The 

vinylpyrrolidone monomer is shown in Figure 3-9.

ch2=ch

Figure 3-9 - Chemical structure of the vinyl pyrrolidone monomer
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The polystyrene and divinylbenzene polymers (structure shown in Figures 3-10 and 3-11, 

respectively) are lipophilic (non-polar). Non-polar target compounds become attracted to 

these polymers through Van der Waals forces, and hydrogen donor and acceptor 

interactions (Ollers et al., 2001).

Figure 3-10 - Chemical structure of the styrene monomer

Figure 3-11 - Chemical structure of a divinyl benzene monomer

The Oasis HLB 60 mg cartridges were pre-conditioned with 3 mL of hexane, 3 mL ethyl 

acetate, 3 mL of methanol, and finally 5 mL of Milli-Q water adjusted to a pH of 2.0. 

The hexane is used to remove any moisture that may be in the cartridge, and the ethyl 

acetate and methanol remove any contaminants that may have attached to the cartridge 

during the manufacturing process. In the final pre-conditioning step, a buffer (pH 2.0 

Milli-Q water) rinses the cartridge.
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The room temperature wastewater sample is then passed through the cartridge at a flow 

rate of approximately 8 to 10 mL/min by applying a low vacuum. This flow rate is slow 

enough that it should take approximately 2 hours for the entire 1-L sample to percolate 

through the cartridge, allowing enough time for the target compounds in the wastewater 

to sorb to the cartridge. The SPE set up, with wastewater passing through the Oasis HLB 

cartridges, can be seen in Figures 3-12 and 3-13.

Figure 3-13 - SPE set-up, front view

Vacuum Pump

Wastewater sample in 1-L flask

HLB Oasis extraction cartridges

Vacuum manifold

Liquid knock out jar
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After the entire wastewater sample has passed through the Oasis HLB cartridge, 10 mL of 

Milli-Q water at pH 2.0 is rinsed around the empty flask and the rinse is passed through 

the cartridge. This rinse is done to collect any residue that may have been left on the 

walls of the flask.

The cartridges are then dried completely by applying a gentle vacuum for approximately 

30 to 40 minutes. Wet cartridges appear dark yellow in colour, while dry cartridges are 

pale yellow. One can check to be sure the cartridge is completely dry by observing the 

colour change back to a pale yellow. Following this, 2 mL of hexane is passed through 

the cartridge as a clean-up step that removes any residual water, and also removes the 

lipophilic matrix components without removing any of the ibuprofen.

Ibuprofen is eluted from the cartridge in to small 5 mL borosilicate glass test tubes with 

3 mL of ethyl acetate. A very small vacuum is applied to the cartridge, such that it 

requires approximately 30 minutes for the entire 3 mL of ethyl acetate to pass through the 

cartridge (or, 10 minutes per each mL). Ethyl acetate is used as the eluent because it is a 

very strong solvent, and is more effective than weaker solvents at extracting polar 

compounds (i.e., ibuprofen) from the cartridge.

The resulting eluate, (or extract), contained in the glass test tube is then concentrated 

down by evaporating off the ethyl acetate. A gentle stream of nitrogen gas is blown in to 

the test tube, while the test tube is heated to 60°C. The nitrogen gas has a cooling effect, 

so heat is applied to counteract this effect. Once the ethyl acetate is evaporated, only a 
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yellowish residue remains in the test tube. The sample is then reconstituted by adding 

150 pL of ethyl acetate and agitating the sample for 6 seconds with a vortex mixer in 

order to fully dissolve the residue. The reason for evaporating off the ethyl acetate from 

the extracted sample, then reconstituting each sample with ethyl acetate is to ensure that 

each sample is identical (150 pL) in volume. A micropipette with disposable tips is used 

for all small volume measurements and liquid transfers.

In gas chromatography, liquid samples are immediately heated to a gas after they are 

injected in to the GC. However, some compounds are not volatile in their natural state 

and must be derivatized prior to injection in to the GC. Derivatization is the process of 

chemically modifying a compound to produce a new compound that is more volatile. 

Ibuprofen must be derivatized because the polar carboxylic acid group in its chemical 

structure hinders its volatility as a result of the strong intermolecular interactions between 

the polar groups. The derivatizing agent added was N,O- 

bis(trimethylsilyl)trifluoroacetamide (BSTFA). The chemical structure of BSTFA is 

shown in Figure 3-14.

CH3

CH3—Si---- CH3

O CH3

CF3------C= N---- Si----- CH3

ch3
Figure 3-14 - Chemical structure of BSTFA
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BSTFA was chosen because it is a silylating agent that is highly volatile, acts quickly, 

and produces a combustion product (silicon trifluoride) that does not foul detectors. In 

addition, BSTFA’s by-products are also more volatile than other silylating agents such as 

bistrimethylsilylacetamide (BSA) and pentafluorobenzyl bromide (PFBBr). This 

increased volatility will minimize chromatographic interferences. In the past, 

diazomethane has been a popular derivatizing agent. However, diazomethane is 

explosive and is now a known carcinogen, so it was decided that BSTFA was a safer and 

equally effective alternative (Koutsouba et al., 2003 and Rodriguez et al., 2003).

BSTFA transforms ibuprofen by displacing the active proton (hydrogen) in the carboxylic 

acid group (-COOH). This reaction is shown in Figure 3-15.

o
ch3

Figure 3-15 - Reaction between ibuprofen and BSTFA (Sigma-Aldrich, 1997)

As seen in the figure, a trimethylsilyl group from the BSTFA bonds to the ibuprofen 

molecule by attaching to the oxygen atom at the site where the hydrogen was displaced. 

As a result, derivatization with BSTFA increases the volatility of ibuprofen through 

eliminating the presence of the polar -COOH group by replacing active hydrogens with a 

trimethylsilyl group. The new compound is also more thermally stable.
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Next, 100 pL of the reconstituted ethyl acetate solution was transferred from the test tube 

to a small glass autosampler vial, along with 50 pL of BSTFA to derivatize the sample. 

The vial was tightly capped and placed in the GC oven, set at 70°C, for 30 minutes. 

Many compounds in the derivatization process require heating to prevent breaking down. 

It should also be noted that studies have shown ethyl acetate to be a good solvent for GC 

derivatization (Rodriguez et al., 2003).

After derivatization, the samples were analyzed by GC/MS. The instruments used were 

the HP5890 Series II Gas Chromatograph, followed by the HP5971A Mass Selective 

Detector, manufactured by Hewlett-Packard (seen in Figure 3-16). The GC instrument 

separates the sample mixture into each pure chemical constituent of the sample, and the 

MS instrument identifies and quantifies each of these chemicals.

Figure 3-16 — GC/MS used for analyses (in the School of Engineering laboratory)
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The GC is made up of an injection port, a capillary column, and an oven. A liquid sample 

is injected in to the GC through an injection port which is superheated, causing the 

solution to immediately volatilize. The gaseous sample then travels with the help of 

helium gas through a coiled capillary column. The column is a capillary tube with a 

special polymer coating on the inside. Based on a chemical’s volatility, the chemical 

compounds contained in the sample are separated from each other as they move through 

the column. Those compounds with higher volatility will move through the column more 

quickly then those with low volatility. As well, small molecules will travel more quickly 

than larger molecules. The polarity of the compounds also plays a factor in their speed 

and movement through the column. The entire capillary column is housed in a 

specialized oven. The heat from the oven further assists the molecules in moving through 

the column (Hewlett-Packard, 1990).

The MS works by identifying chemicals based on their structure. By vacuum, the sample 

previously separated in the GC column moves through an interface in to the MS ion 

source. The 70 eV ion source contains two filaments which emit electrons that fragment 

and ionize (to positively charged ions) the incoming sample molecules. Creating 

positively charged ions is important in order to move the chemical constituents through 

both the remainder of the ion source and the mass filter that follows. The positively 

charged ions are repelled in to the next section of the ion source body where they are 

focused in to a beam which passes out of the ion source and into the mass filter (Hewlett- 

Packard, 1990).



The quadrupole mass filter has a hyperbolic geometry where connected segments are 

oppositely charged, and the inside is coated with a conductive material. A combined 

direct current (de) and radio frequency (RF) signal is applied to the mass filter. 

Depending on the magnitude of the RF voltage, a specific ion mass is able to pass through 

the entire length of the mass filter and enter the detector. Therefore, by altering the 

voltage, the amount of each ion mass can be quantified by the detector, located at the exit 

end of the mass filter. The voltage changes are quick enough to allow the MS to scan 

through 315 masses approximately two times each second. The filter will continuously 

scan through the range of masses as the stream of ions comes from the ion source.

The HP5971A detector is a continuous dynode electron multiplier. An x-ray lens located 

between the mass filter and the detector directs the ion beam in to the horn of the electron 

multiplier. The ions entering the electron multiplier strike the horn and liberate 

secondary electrons. These secondary electrons cascade through the horn, liberating 

more electrons as they go. The voltage of the horn determines the gain for a certain mass.

This information is sent to a computer and a chromatograph and mass spectra are created 

(Hewlett-Packard, 1990). The mass spectrum is a graph of the number of ions with 

different masses that traveled through the mass filter. The identity of chemicals 

contained in the sample can be identified by comparing the outputted mass spectra to a 

library of mass spectra of known compounds. A chromatograph is a plot of ion 

abundance versus retention time. The resulting graph shows a peak for each separated 
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constituent of the injected sample. The relative quantities of each component can be 

determined by finding the relative area under the peak.

The quadrupole mass filter can be operated either as full scan or as selected ion 

monitoring (SIM). In full scan mode, as detailed in the previous paragraph, the MS 

continuously sweeps through range of atomic mass units (amu) which typically range 

from 35 to 350 amu. In SIM mode, the method is created by the user to monitor two or 

three ions at the approximate retention times of the target analyte. For the duration of this 

study, the MS was kept in full scan mode. There were three reasons for this. First, full 

scan mode is beneficial because a detectable target analyte at the given retention time will 

be complemented by a complete mass spectrum of the target analyte, which is especially 

helpful in the early stages of method establishment. Second, in full scan mode the target 

analyte spectrum can be confirmed by comparison with reference spectra from a database 

library. Third, analyzing by SIM required further method development in the laboratory, 

and this was felt to be an unnecessary allocation of time and expenses.

For all GC/MS analyses, the inlet and transfer line temperatures were set at 250 °C and 

290°C, respectively. The samples (1pm) were manually injected in splitless mode into 

the GC, and the sample was separated on a Restek RTX-MS capillary column measuring 

30 m long by 0.25 mm inner diameter, with a 0.5 pm film thickness. The oven program 

began by holding at 70°C for 2 minutes, then increasing by 10°C each minute up to 

290°C, and holding at this final temperature for 6 minutes. The total analysis time was 30 

minutes. The flow rate of the sample through the column is regulated by the pressure 
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head of the helium carrier gas at the head of the column. The pressure head was set to 8 

psi, resulting in a linear velocity of approximately 30 cm/s, and a column flow of 0.90 

mL/min.

3.3.1 Constructing Concentration Curves

Since all GC/MS instruments run differently depending on their calibration, no single 

universal relationship between peak area and compound concentration can govern a 

compound. For this reason, a peak area versus concentration relationship was established 

for ibuprofen on the GC/MS used for this research. Sample vials (150 pL total volume) 

were made up by combining 50 pL of an ibuprofen standard, 50 pL of a 1000 ng 

meclofenamic acid standard, and 50 pL of BSTFA to derivatize the sample. Ibuprofen 

standards were prepared in the following concentrations: 25 ng/L, 50 ng/L, 100 ng/L, 

500 ng/L, 1000 ng/L, 5000 ng/L, 10,000 ng/L, and 15,000 ng/L. These standards were 

obtained by dissolving 10 mg of ibuprofen (purchased from Sigma-Aldrich) in 10 mL of 

ethyl acetate, resulting in a 1000 mg/L ibuprofen solution, and then diluting this solution 

to obtain the desired standard concentration. For example, to obtain the 10,000 ng 

standard, this 1000 mg/L solution was diluted to a 200 mg/L solution. Therefore, 50 pL 

of the 200 mg/L solution contains 10,000 ng of ibuprofen, which is then added in to the 

sample vial. To obtain a 1000 ng ibuprofen standard, the original 200 mg/L solution was 

diluted to 20 mg/L, and so on and so forth.
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A meclofenamic acid (purchased from Sigma-Aldrich) standard of 1000 ng/L was 

similarly obtained by diluting a 1000 mg/L solution (10 mg meclofenamic acid dissolved 

in 10 mL of ethyl acetate). The 1000 ng meclofenamic standard was added to each of the 

eight sample vials containing the eight different ibuprofen standards and the BSTFA. 

One at a time, 1 pm from the standard sample vials were injected in to the GC/MS. The 

25 ng ibuprofen standard was prepared 5 separate times, and run on the GC/MS a total of 

6 times. The 100 ng standard was prepared 5 times, and run 7 times. Both of the 1000 ng 

and 10,000 ng standards were prepared 3 separate times and run on the GC/MS 4 times. 

The 50 ng, 500 ng, 5,000 ng, and 15,000 ng samples were prepared once and run twice on 

the GC/MS. It was important to repeat the standard runs, as well as the sample vial 

preparations in order to obtain a good estimate for the peak area corresponding with each 

known ibuprofen concentration. Following these injections, the measured peak area was 

plotted against the known ibuprofen concentration and the data was linearly regressed to 

obtain an equation describing the relationship between the two variables. The resulting 

equation was used to convert peak areas from the MS program in to ibuprofen 

concentrations for the remainder of the research.

3.3.2 Obtaining an Acceptable Meclofenamic Acid Range

Each standard that was run (as outlined in the previous section) resulted in a peak area 

estimate for 1000 ng of meclofenamic acid, since this mass was added to each of the 

standards vials. These estimates were averaged together, and a standard deviation was 

found. From this, a confidence interval for the average meclofenamic acid (x=1000 ng) 
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peak area was obtained by multiplying the standard deviation (s) by the Student t factor 

(ta/2,v)- Since meclofenamic acid is a surrogate standard, its presence was used to verify 

the consistency of the SPE method, and GC/MS results. For the remainder of the 

research, the ibuprofen result would be discarded for any samples that were analyzed and 

found to have a meclofenamic acid peak area outside of the confidence interval.

3.3.3 Finding the LLD, the MDL and the Recovery Percentage

The lower limit of detection (LLD) is the amount of constituent that produces a signal 

sufficiently large that 99% of the trials with that amount will produce a detectable signal 

(American Public Health Association et al., 1999). The LLD for ibuprofen using the 

GC/MS (HP5890 Series II and HP5971 A) in the School of Engineering laboratory was 

found by analyzing a 25 ng standard of ibuprofen six times. The standard deviation of the 

resulting 6 peak areas was then multiplied by 3.29, to reduce the probability of both Type 

I (false positive) and Type II (false negative) errors to 5%.

The method detection limit (MDL) differs from the LLD in that before the samples are 

injected in to the GC/MS, they must be processed through the complete SPE method. 

Thus, the MDL will be larger than the LLD because of extraction efficiency and extract 

concentration factors (American Public Health Association et al., 1999). The MDL was 

calculated by spiking five 1-L deionized (DI) water samples with 25 ng of ibuprofen, as 

well as the surrogate standard. A SPE was performed on the five samples, followed by 
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analysis on the GC/MS. The standard deviation of the resulting 5 peak areas was 

multiplied by a student t factor (tg9%,4). This value was then converted to nanograms by 

multiplying the peak area by the conversion equation.

Measuring the percentage of ibuprofen recovered during the full analytical process helps 

to check the reliability of the SPE methodology, and to a certain extent, the operation of 

the GC/MS. DI water samples (1 -L) were spiked with known concentrations of ibuprofen 

(25 ng, 100 ng, 1000 ng, and 10,000ng), as well as 1000 ng of the surrogate standard 

meclofenamic acid. The samples were cleaned up through a SPE, and analyzed on the 

GC/MS. The resulting ibuprofen peak areas were compared to the concentration 

standards in order to determine the percent recovery of the drug. As long as the recovery 

percentage was consistent (i.e., standard deviation less than 15%) among all samples of 

varying spiked concentrations, then the SPE procedure was accepted and used for the 

remainder of the research. This procedure was repeated once to confirm the results.

To determine if the percent recovered would hold true for waste water samples, four 1-L 

samples of synthetic wastewater were prepared and spiked with 25 ng, 100 ng, 1000 ng, 

and 10,000 ng, respectively, of ibuprofen. Synthetic wastewater was used instead of raw 

wastewater or filtered raw wastewater since the raw wastewater would contain an 

unknown concentration of ibuprofen. As such, the true percent recovery of ibuprofen in 

raw wastewater would be difficult to discern.
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The synthetic wastewater was prepared according to the following recipe by Tokuz, 1988.

Per 1 L of deionized water, add:

• 210 mg glucose;

• 110 mg powdered milk;

• 14 mg glutamic acid;

• 80 mg ammonium sulfate;

• 5 mg ammonium chloride;

• 10 mg magnesium sulfate;

• 3 mg manganese sulfate;

• 3 mg calcium chloride;

• 0.3 mg ferric chloride;

• 14 mg potassium phosphate (monobasic); and

• 28 mg potassium phosphate (dibasic)

The four spiked samples were cleaned up through SPE and analyzed on the GC/MS. The 

recovery percentage for the spiked synthetic wastewater sample was calculated, and 

again, if the recovery percentage was consistent, then the SPE procedure was accepted. It 

was necessary to check the percent recovery in wastewater to ensure that matrix effects 

had no impact on the method of analyte extraction.

3.3.4 Equipment Clean Up Procedure

After each SPE, all glassware and other equipment used for the procedure were 

handwashed with soap and water. Following this, the equipment was rinsed with 

methanol, followed by ethyl acetate. The solvent rinses were important to ensure that all 
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trace amounts of ibuprofen and meclofenamic acid were removed. Finally, the equipment 

was thoroughly rinsed with DI water and air dried.

3.4 Sampling at Each Treatment Stage

To better understand where ibuprofen is removed in a WWTP, samples were collected 

from the City of Guelph municipal WWTP at the following locations:

• influent to headworks;

• influent to the primary clarifiers;

• influent to the aeration tanks;

• influent to the final clarifier; and

• effluent from the final clarifier.

One litre grab samples were collected at each of these locations. The HRTs were 

calculated for each treatment stage (primary clarifier, aeration tank, and the final 

clarifier), and in an effort to approximately collect the same slug of water as it travels 

through the WWTP, the respective HRTs were used as the time between sample 

collections. This is discussed further in the following two sections.

The grab samples were collected using a peristaltic pump, with 3/8” ID silicon and vinyl 

tubing. To prevent cross contamination of samples, the tubing was changed prior to each 

new sample collection. The samples were collected in 1-L amber bottles. Between 
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sampling, the sample bottles were cleaned with soap and water, rinsed with methanol, 

ethyl acetate, and DI water, and then air dried. All collected samples were placed on ice 

in a cooler and transported back to the lab. Upon arriving at the lab, they were 

immediately filtered, acidified, covered, and stored in a refrigerator.

There was about a 30 minute delay between the time the samples were collected at the 

WWTP and when they were filtered in the lab. Since the biosolids in the wastewater tend 

to settle to the bottom of the collection container, there would be limited mass transfer of 

the ibuprofen dissolved in the bulk solution on to the biomass. Therefore, degradation of 

ibuprofen during this 30 minute transportation period should be minimal.

Plant #1 and Plant #4 were sampled between each of their treatment stages. Plant #4 was 

chosen for three reasons. First, the effluent sample analyzed by the WQC (see Section 

3.2) was taken from the final clarifier effluent at Plant #4, so the sample results could be 

compared to the results from the WQC analysis. Second, Plant #4 has extended aeration 

tanks and therefore should allow for better biodegradation, which is thought to be the 

primary removal mechanism for ibuprofen. Third, Plant #4 is the most proficient of all 

the plants at the City of Guelph WWTP, which was a desirable trait for this study.

Plant #1 was sampled at the request of the City of Guelph WWTP staff. Of all four 

plants, Plant #1 is currently the least proficient due to a couple of major factors: this is the 

oldest operating plant on site, and it is the closest to headworks. When then influent to 

headworks is contaminated by high amounts of a particular chemical or dye (from spills 
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or illegal dumping), the majority of this contaminant will enter Plant #1 and disrupt the 

balance within this plant. Plant #l’s aeration tanks also have heavy foaming problems, a 

nuisance condition caused by the presence of Nocardia and Microthrix bacteria (Metcalfe 

& Eddy, 2003). The City of Guelph staff hoped that sampling this plant would give an 

indication of how well it is currently operating, and which treatment processes need the 

most improvement.

3.4.1 Plant #1

The west side of Plant #1 was sampled on June 21st and 22nd, 2006. (Please refer to 

Figure 3-1 for the layout of this plant.) Two samples were collected from headworks, and 

one sample was collected from the influent to the primary clarifier at 8:00 am. The HRT 

in the primary clarifier was calculated to be 2.75 hours, so at 10:45 am (2 hours and 45 

minutes later), two grab samples were taken from the influent to the aeration tank. The 

HRT in the aeration tank was 6.5 hours. Two grab samples were taken from the effluent 

of the aeration tank (influent to the final clarifier) at 5:15 pm. The HRT for the final 

clarifier was 8.6 hours, so one final grab sample was taken from the effluent of the final 

clarifier 8.6 hours later.

3.4.2 Plant #4

The east side of Plant #4 was sampled on February 6th and 7th, 2006, and again on March 

1st and 2nd, 2006. (Please refer to Figure 3-1 for the location and arrangement of this 
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plant.) Duplicate samples were collected at each location. Samples from headworks and 

from the influent to the primary clarifier were collected at 4:40 pm on the first day of 

sampling. The approximate HRT in the primary clarifier was 1.3 hours, therefore, at 

6:00 pm samples of the aeration tank influent were collected. The HRT in the extended 

aeration tank was 14.2 hours. Grab samples of the effluent from the aeration tank were 

collected at 8:10 am the following morning. Finally, the HRT of the final clarifier was 

3 hours, so samples were collected from the final clarifier effluent at 11:10 am.

3.5 Sampling the Membrane Bioreactor Pilot Plant

The GE Zenon MBR pilot plant is located between Plants #2 and #3 on the City of 

Guelph WWTP site (see Figure 3-1.) The MBR pilot consists of 3 MBR trains, with the 

aeration tank and the membrane tank housed separately. The pilot plant draws its influent 

wastewater from headworks, at the point after which the water has passed through the bar 

racks and bar screens. The pilot influent will then pass through a grit removal screen 

before entering the aeration tank, followed by the membrane tank. The effluent 

(permeate) from the membrane tank is directed back in to the stream of water leading to 

the primary clarifiers for Plants #3 and #4. For legal reasons, the effluent from the 

research pilot cannot be discharged to a water body, but instead must also be treated by 

conventional WWTP mechanisms. A schematic of the MBR pilot plant is presented in 

Figure 3-17.
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MBR Effluent
(to influent to Plants #3 and #4)

MBR Influent
(from grit removal screen 
and headworks)

Figure 3-17 - Schematic of the MBR pilot plant

The membranes used in the MBR pilot plant are ZeeWeed SMC® ultrafiltration 

membranes, with pore sizes between 0.03 pm and 0.05 pm. The aeration tank holds 

approximately 14,550 litres, while the membrane tanks have a volume of 1150 litres. 

Typical treatment rates range from 18.6 L/min to 77.7 L/min, depending on the 

temperature in the membrane tank. The SRT of the MBR is approximately 15 days.
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The three pilot MBR systems are denoted as Pilot A, B, and C. Pilot B is used as the 

control MBR, while Pilots A and C are used for GE Zenon’s research. Pilot B was used 

exclusively for this research, in order ensure sure that conditions in the MBR did not vary 

between sampling sessions.

The influent and effluent of the MBR (Pilot B) was sampled twice on April 18th, 2006, 

with duplicate samples being collected each time. On that day the flow rate through the 

pilot was 52.3 L/min, and the resulting HRT was calculated to be 5 hours. The influent to 

the MBR was sampled at 8:30 am, and the permeate from Pilot B was sampled at 

1:30 pm. At this time, another round of influent samples was collected. The second 

round of effluent samples was collected at 6:30 pm that evening. All samples were grab 

samples. The samples were collected in 1-L amber glass bottles that had been cleaned 

with soap and water, rinsed with methanol and ethyl acetate, rinsed with DI water, and air 

dried. All samples were placed on ice in a cooler and transported back to the lab. Upon 

arriving at the lab, they were immediately filtered, acidified, covered, and stored in a 

fridge.

3.6 Sampling the Biological Nutrient Removal System

A pilot biological nutrient removal (BNR) system set up by the University of Guelph on 

the City of Guelph WWTP site was also sampled. The BNR system is used to remove 

nitrogen and phosphorus from the wastewater through biological processes. The pilot 

BNR consists of an influent tank, followed by an anaerobic tank, an anoxic tank, and an 
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aerobic tank containing a GE Zenon ZeeWeed 10 microfiltration membrane. The tanks 

are housed in a small trailer located between Plants #2 and #3, and just north of the GE 

Zenon pilot MBR trailer. A schematic of the BNR system is shown in Figure 3-18.

BNR Effluent
(to influent to Plants #3 
and #4)

BNR Influent
(from grit removal tank 
and he ad works)

Figure 3-18 - Schematic of the BNR System

The anaerobic, anoxic, and aerobic tanks all function using suspended growth biological 

processes. The anaerobic zone is followed by the anoxic zone for the purpose of 
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phosphorus removal. Within the anaerobic zone, phosphorus accumulating organisms 

(PAOs) produce intracellular polyhydroxybutyrate (PHB) storage products by uptaking 

acetate and releasing orthophosphate and other minerals. When these PAOs enter the 

anoxic zone the stored PHB is released, providing energy and leading to new cell growth. 

Concurrent with this release is the assimilation of orthophosphate in to the bacterial cell 

as well in to the new biomass. The amount of phosphorus released in the anaerobic tank 

is less than that assimilated in the anoxic tank, therefore resulting in an overall net 

decrease in phosphorus concentrations in the wastewater.

Nitrogen is removed in the anoxic and aerobic tanks. In the aerobic zone, nitrification 

occurs. Ammonia (NH4+) is oxidized to nitrite (NO2') and then to nitrate (NO?-) by the 

Nitroso-bacteria and Nitro-bacteria. Nitrate produced in the aerobic zone is recycled back 

to the anoxic tank. Denitrification, where nitrate is converted to hydrogen gas and 

therefore removed from the wastewater, occurs in the anoxic tank. Since the anoxic tank 

is followed by the aerobic tank in this pilot plant, this is known as a preanoxic tank 

design. In a conventional system, the nitrifying aerobic tank would be followed by a 

clarifier in order to separate the solids from the liquid. In this case, a microfiltration 

membrane is used instead to separate the biomass and other solids from the water. By 

placing the membrane in an aerobic tank, the aeration bubbles will also help to reduce 

fouling on the membrane.

The influent to the pilot BNR is split from the influent line to the MBR system, which is 

taken from the headworks building and passes through a grit removal screen. The 
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effluent from the BNR system is discharged in to the flow of wastewater entering the 

head of Plants #3 and #4. Within the BNR system itself, wastewater moves from the 

influent tank to the anaerobic tank at a rate of 33 L/h and moves from the anaerobic tank 

to the anoxic tank at a rate of 133 L/h. The wastewater in the anoxic tank pulses in to the 

aerobic membrane tank for 10 seconds each minute at a rate of 800 L/h during those 10 

seconds. This translates to 133 L each hour moving from the anoxic tank in to the 

aerobic tank. The permeate from the membranes in the aerobic tank discharges out of the 

system at 66 L/h, while the contents of the aerobic tank are recirculated back to the 

anoxic tank at a similar rate. In addition, recirculation occurs between the anoxic tank 

and the anaerobic tank at 66 L/h. The anaerobic tank, anoxic tank, and aerobic tank have 

a volume of 56L, 84 L, and 486 L, respectively. The HRT for the entire pilot BNR 

system is approximately 4 h. The flow rates between each tank are summarized in Figure 

3-19 below.

Anoxic Tank Aerobic TankAnaerobic Tank

recirculation recirculation
from anoxic from aerobic

Figure 3-19 - Flow rates between BNR tanks
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The BNR pilot was sampled twice, once on June 25, 2006 and again on June 27, 2006. 

One-litre grab samples were collected in duplicate from the following locations:

• influent to the BNR;

• anaerobic tank;

• effluent from anoxic tank; and

• effluent from the aerobic membrane tank.

Because of the high recirculation between tanks, the HRT within each tank was not 

calculated and all the grab samples were collected at one time. As a result, the ibuprofen 

concentrations will represent simply a “snapshot” in time for the BNR system.

3.7 Analysis of Biodegradation

The rate of biodegradation of ibuprofen in a primary clarifier, aeration tank, and MBR 

were all investigated during this study. In the past, some biodegradation tests have been 

performed following the closed bottle test (OECD 30ID) or the Zahn-Wellens test 

(OECD 302 B) protocol, which require hundreds of milligrams of the carbon source (e.g., 

ibuprofen). These extremely high carbon masses provide results for the maximum 

potential of the waters, but not the most probable environmental outcome (Jones et al., 

2005b). For this reason, it was decided to analyze biodegradation by the most “natural” 

means possible, using actual influent ibuprofen concentrations.
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Ten litre grab samples were obtained using a peristaltic pump and a large (5 gallon) 

Nalgene® polypropylene carboy. Samples were obtained from the east primary clarifier 

and aeration tank of Plant #4 at the City of Guelph, and from the GE Zenon MBR, Pilot B 

plant. The samples taken from the aeration tank and MBR both contained activated 

sludge. A 10-L grab sample was collected from the primary clarifier on March 21, 2006, 

April 4,2006, and April 12,2006. Grab samples were collected from the aeration tank on 

March 15, 2006, March 28, 2006, and April 10, 2006. The MBR was sampled on May 

16, 2006, June 15, 2006, and June 19, 2006.

After collecting a wastewater sample, it was immediately transported back to the lab and 

a 1-L sample was withdrawn from the carboy. This first sample was filtered, acidified to 

a pH of 2.0, covered and placed in a fridge set to 4°C. This sample represents the 

concentration of ibuprofen in the wastewater at time zero. As discussed in Section 3.4, 

reductions in ibuprofen concentration between the time of sampling and the time of 

filtering should be negligible due to the minimal contact the dissolved ibuprofen would 

have with the settled activated sludge.

After withdrawing the initial sample, the remainder of the wastewater sample was aerated 

with a stone diffuser placed inside the carboy.

For the primary clarifier and aeration tank samples, a second 1-L sample was withdrawn 

from the aerated carboy 1 hour later. This sample was filtered, acidified, and stored at 

4°C. Subsequent samples were taken every additional hour for the next 6 hours and 
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similarly treated, as outlined above. A total of 8 samples were taken by the end of the 7 

hour trial, including the time zero sample. Samples were refrigerated overnight, and 

analyzed the following day.

For the MBR, after the initial sample was taken from the aerated carboy, the remainder of 

the 1-L samples were collected every 20 minutes until a total of 8 samples had been 

collected. It was necessary to decrease the collection time from 1 hour to 20 minutes 

because trial MBR degradation results showed that the initial ibuprofen concentrations 

were degrading to non-detect levels in less than 90 minutes. Therefore if a 1 hour 

collection frequency was used instead for the MBR samples, then only 2 samples (time 0 

and time 1 hour) would have had measurable data. This fast degradation rate is due to 

high mixed liquor suspended solids (MLSS) concentrations in the MBR. The MLSS 

concentrations in the MBR were generally 5 times higher than in the WWTP aeration 

tank.

As a result, to fairly calculate the first-order biodegradation rates for the conventional 

WWTP and MBR, the biodegradation rate had to be adjusted according to the MLSS 

concentration in each respective treatment system. To accomplish this, the first option 

was to divide the biodegradation rate by the SS concentration in each treatment system to 

account for the differences. A second option was to alter the MLSS concentration of the 

MBR sample ahead of the biodegradation studies in order to match the concentration of 

the WWTP aeration tank. This would be accomplished by filtering the MBR sample, 
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then drying the filtered sludge, weighing out an appropriate amount, and re-watering the 

sludge.

After evaluating the two options, it was felt that the second option would compromise the 

stability of the microorganisms, therefore decreasing their biodegradation rate and leading 

to inaccurate results. As such, it was decided that the best way handle the discrepancy 

between SS concentrations was to divide the biodegradation rates out by their respective 

treatment system SS concentration.

After analyzing the 8 samples, the data was normalized by dividing the ibuprofen 

concentration at a given time (Ct) by the concentration at time zero (Co). By normalizing 

the data, the time periods and initial concentrations of the samples between sampling 

locations and trials do not have to be the same. The natural logarithm of the normalized 

Ct/Co value was then plotted versus time, and the resulting points were linearly regressed. 

The slope of the line represents the rate of biodegradation for that particular trial. This 

slope was divided out by the SS concentration for the sample in order to find the rate 

constant, kbioi- Since degradation has been proven to follow a first-order rate down to 

ng/L concentrations, the calculated rates between each sample can be fairly compared, 

regardless of initial concentration.
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3.8 Investigating the Impact of Sorption

Previous research (see Chapter 2) indicates that ibuprofen is not well removed by 

sorption. This was confirmed in this study through the following test.

To begin the sorption impact test (hereby denoted as the degradation-beyond-2-hour test), 

a 10-L grab sample was taken from the Plant #4 east aeration tank. The carboy was 

brought back to the laboratory and immediately aerated with a stone diffuser. The sample 

was allowed to aerate for 2 hours before the first 1-L sample was withdrawn. Sorption is 

well known to be a fast acting removal mechanism, and all compounds that are able to 

sorb will do so in less than 2 hours. For this reason, the grab sample had to be aerated 

and undisturbed for at least 2 hours to ensure that any sorption that took place within the 

carboy had already occurred before the first sample was withdrawn.

At two hours, an initial 1-L sample (considered to be time zero) was removed from the 

carboy. Each hour for the following 7 hours, 1-L samples were withdrawn. Upon 

removal, all samples were filtered, acidified, covered and refrigerated. The samples were 

analyzed the following day. The ibuprofen concentration at a given time (Ct) was divided 

by the concentration at time zero (Co), and the natural logarithm of these values were 

plotted versus time. On the same graph, a shaded area was plotted that represented the 

region between the maximum and minimum degradation slopes obtained from the 

aeration tank biodegradation study data (Section 3.7). In the biodegradation study, the 

initial sample was taken immediately, at the true time zero. Therefore, if sorption were 
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contributing to the removal of ibuprofen, the rate of removal during the first two hours of 

the biodegradation study should be increased due to sorption. To check this, the range of 

biodegradation study data (as indicated by a shaded region) was compared to the data 

obtained from the degradation-beyond-2-hour test, which represents the true rate of 

biodegradation. If the slope of the degradation-beyond-2-hour test data falls inside of the 

shaded region, then the slope is not significantly different from the biodegradation rates 

obtained during the biodegradation study, and it can be concluded that sorption is not a 

factor in the removal of ibuprofen.

3.9 Volatilization Study

Volatilization may be a removal mechanism for some PPCPs. Although previous 

research (see Chapter 2) indicates that volatilization is not a method for removal of 

ibuprofen, this was verified during this study.

Two flasks were filled with DI water, and spiked with 10,000 ng of ibuprofen. The first 

flask was immediately filtered, acidified to a pH of 2.0, and cleaned up with SPE. The 

second sample was aerated for 4 hours with a stone diffuser. This was done to mimic the 

conditions in an aeration tank where the most volatilization would occur because more 

water is exposed to the atmosphere. After 4 hours, the second sample was filtered, 

acidified, and extracted. The two samples were analyzed by the GC/MS, and the time 

zero and time 4 hour results were compared. If the concentration of ibuprofen in the two 
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samples was statistically similar, then it can be confirmed that volatilization is not a 

mechanism of removal for ibuprofen.

85



4 RESULTS AND DISCUSSION

In this chapter, selected chromatographs generated by the GC/MS are presented and the 

method for reading these plots is discussed. Following this, the calibration curves, 

acceptable surrogate standard ranges, LLD, MDL, ibuprofen recovery percentages, and 

quality assurance/quality control measures for this research are presented. Next, the 

results of the initial pharmaceutical scan along with the ibuprofen concentration 

measurements from each stage in the conventional WWTP, MBR pilot plant, and BNR 

pilot plant are discussed. Subsequent to this, a complete analysis of the biodegradation of 

ibuprofen is presented, including the test results used to determine the biodegradation rate 

constant in a primary clarifier, aeration tank, and MBR. The results of the two studies 

undertaken to confirm the negligence of sorption and volatilization as removal 

mechanisms for ibuprofen are also included in this section. Following this, the 

biodegradation rate constants in the conventional WWTP aeration tank and MBR are 

compared, and finally, an ibuprofen mass balance across the entire WWTP is presented to 

summarize the findings of this research.

4.1 Reading the GC/MS Output

The GC/MS analysis of a particular sample is displayed in a chromatograph, which plots 

the abundance of ions exiting the mass filter and entering the detector versus the time 

exited. The chromatograph generated for one injection of the 1,000 ng ibuprofen 

standard is shown in Figure 4-1 below.
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Figure 4-1 - 1,000 ng ibuprofen standard chromatograph

As seen in this figure, the peak of ibuprofen exits the MS at around 17.3 minutes, while 

meclofenamic acid exits at 25.7 minutes. The time in which a compound in a sample 

exits the mass filter is consistent for a given GC/MS instrument and a given oven 

program. As a result, once the exit times were known, analysis of the peak areas became 

much easier. The smaller extra peaks represent some of the other silylated compounds 

(from using the BSTFA to derivatize the sample) coming out of the MS. The smaller 

peaks may also be pieces of the polymer coating from the capillary column breaking off 

due to the heating of the column, which is a common occurrence. Since the exit times for 

ibuprofen and meclofenamic acid are known, these other smaller peaks are not an issue, 

and can essentially be ignored.
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The MS analysis program can also display the number of each ion mass that was detected 

at each time interval. This display is called the mass spectra. Figure 4-2 shows the mass 

spectra at 17.3 minutes, where the peak of ibuprofen exited the MS.

Figure 4-2 - Mass spectra for 1,000 ng ibuprofen

From this figure it is seen that certain masses are more abundant than others. Chemicals 

can be identified based on these abundances of masses. For ibuprofen, mass number 263 

and 278 are commonly used to help to identify this compound because the ratio of these 

two masses are unique to ibuprofen. For meclofenamic acid, mass number 242 is most 

abundant and is therefore often used for identification of this compound. This can be 

seen in the following figure (Figure 4-3) showing the mass spectra for meclofenamic 

acid.
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Figure 4-3 - Mass spectra for 1,000 ng meclofenamic acid

Ion masses can be isolated by performing an “ion extraction” on the chromatograph 

generated by the MS. Therefore, ibuprofen can be searched for in a test sample by 

extracting ion masses of 263 or 278 from the original chromatograph. Likewise, 

meclofenamic acid could be identified by extraction ion masses of 242. For example, if a 

mass of 263 is searched for, the following figure from the 1000 ng/L ibuprofen analysis 

(Figure 4-4) is generated by the MS program.
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Figure 4-4 - Ion extraction for 1,000 ng ibuprofen

This figure very clearly shows the high mass 263 peak exiting the MS at 17.3 minutes. 

This confirms from the original chromatograph that ibuprofen is present in the sample, 

and does indeed exit the MS at 17.3 minutes. The same procedure can be carried out for 

meclofenamic acid.

The chromatographs for the ibuprofen standards are presented in Appendix B. It can be 

seen from these standards chromatographs that the peak area for ibuprofen increases as 

the standard concentration increases, as would be expected.
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4.2 Calibration Curves

Eight different ibuprofen standards were used to construct the concentration curves. The 

standards were prepared and injected multiple times. The multiple trials for each 

standard helped to develop increasingly precise average peak area values corresponding 

to each standard concentration. The resulting data is seen in Table 4-1. The average 

ibuprofen peak area was then computed and used for developing the calibration curves.

Table 4-1 - Ibuprofen standards - GC/MS results

25 ng/L

9-Dec-05 997,748 5,706,007
5-Jan-06 800,267 6,149,927
11-Jan-06 1,009,715 9,013,064
11-Jan-06 822,039 9,094,301
16-Jan-06 1,277,345 7,573,556
24-Jan-06 893,687 10,223,341

50 ng/L 11-Jan-06 1,241,372 9,575,994
11-Jan-06 1,163,233 8,926,785

100 ng/L

9-Dec-05 2,247,640 6,327,361
9-Dec-05 2,343,399 7,670,202
5-Jan-06 2,110,396 5,963,331
11-Jan-06 2,038,511 9,350,130
11-Jan-06 2,580,735 11,218,998
16-Jan-06 2,313,003 8,220,158
24-Jan-06 2,515,770 10,425,698

500 ng/L 12-Jan-06 12,844,821 10,006,807
12-Jan-06 13,762,903 10,001,904

1,000 ng/L
5-Jan-06 25,411,903 8,091,522
12-Jan-06 27,058,844 8,954,647
12-Jan-06 27,161,114 9,457,222
24-Jan-06 27,518,917 10,191,563

5,000 ng/L 12-Jan-06 136,488,544 10,412,743
12-Jan-06 133,980,057 9,569,941

10,000 ng/L
5-Jan-06 244,338,291 8,968,947
12-Jan-06 259,287,181 9,808,173
12-Jan-06 289,924,558 11,066,355
24-Jan-06 291,369,811 10,999,399

15,000 ng/L 12-Jan-06 357,018,297 9,474,425
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The average ibuprofen peak area was plotted against the known standard concentration. 

Three calibration curves were constructed in order to make the conversion equations 

more precise, since the standards covered such a wide range of concentrations (from 

25 ng/L to 15,000 ng/L ibuprofen). The curves were split in to Figure 4-5 for ibuprofen 

concentrations less than 100 ng/L, Figure 4-6 for concentrations between 100 ng/L and 

1,000 ng/L, and Figure 4-7 for ibuprofen concentrations above 1,000 ng/L.

Figure 4-5 - Calibration curve, ibuprofen concentrations less than 100 ng/L

Figure 4-6 - Calibration curve, ibuprofen concentrations between 100 ng/L and 
l,000ng/L
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400,000,000

Ibuprofen Concentration (ng/L)

Figure 4-7 - Calibration curve, ibuprofen concentrations greater than 1,000 ng/L

The data in each of the three calibration curve figures was linearly regressed to produce a 

line. The equation of this line and the corresponding coefficient of determination (R2) 

value can be found on each of the respective plots. This equation was used to convert all 

peak area results in to ibuprofen concentrations. From Figure 4-5, the GC/MS peak area 

(y) is converted in to an ibuprofen concentration (x) for concentrations less than 100 ng/L 

ibuprofen by using the following equation:

y-414,419
18,474

(10)

From Figure 4-6, for ibuprofen concentrations between 100 ng/L and 1,000 ng/L, peak 

area can be converted to concentration by:

y +367,072
27,191 (U)
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From Figure 4-7, ibuprofen concentrations greater than 1,000 ng/L can be calculated by 

the following equation:

y-107 
23,891

(12)

The R values corresponding to the lines shown on Figures 4-5, 4-6, and 4-7 are 0.972, 

1.0, and 0.9892. The R2 value is calculated by squaring the correlation coefficient, R. 

The R2 value represents the proportion of the variance of the dependent variable (peak 

area) that can be attributed to its linear regression on the independent variable (ibuprofen 

concentration). Obviously, the closer to unity the value of R2 is, the more accurate the 

equation representing the linear regression. Since the R2 values for the calibration curves 

are all very close to 1, it can be concluded that the linearly regressed equations given here 

are excellent representations of the data set.

On May 25, 2006, one of the tuning files (atune.u) for the MS was accidentally erased. 

The tuning files control the calibration of the detector. As a result, a new tuning file was 

written, and the calibration curves were rebuilt. Figure 4-8 shows the new calibration 

curve for ibuprofen concentrations less than 1,000 ng/L, and Figure 4-9 shows the new 

curve for all concentrations greater than 1,000 ng/L ibuprofen. The data used to construct 

the curve can be found in Appendix B.
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7,000,000

Figure 4-8 - Calibration curve after May 25, 2006, ibuprofen concentrations less than 
1,000 ng/L

Ibuprofen Concentration (ng/L)

Figure 4-9 - Calibration curve after May 25, 2006, ibuprofen concentrations greater than 
1,000 ng/L

As seen by the R2 values of 0.9963 and 0.9872 shown on Figure 4-8 and 4-9, respectively, 

the relationship between peak area and ibuprofen concentration is well represented by the 

linear equation displayed on each of the two figures.
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From these new calibration curves, ibuprofen concentrations less than 1,000 ng/L were 

calculated as:

_ y-45,844
6335.8

(13)

All ibuprofen concentration greater than 1,000 ng/L were calculated by the following 

equation:

y-(2x!06)
5998.1

(14)

Equations 13 and 14 were used to calculate the ibuprofen concentration of all samples 

analyzed on or after May 25, 2006.

The constant values (representing the slope and y-intercept) of Equations 10, 11, and 12 

are very different from those in Equations 13 and 14. This is due to the re-calibration of 

the MS. The new tuning file was written using the autotune feature of the MS instrument. 

Tuning involves adjusting a number of MS parts including the repeller, filaments, ion 

focus, entrance lens, quadrupole mass filter, x-ray lens, and electron multiplier. Using the 

autotune feature, various parameters for these MS parts are adjusted until a signal from 

the tuning compound, perfluorotributylamine (PFTBA), is optimized. For example, the 

voltage of the repeller can be set anywhere between 0 and +19.8 V. The autotune feature 

sets this voltage at 15 V. Small changes to the repeller voltage directly influence the 
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mass response of the instrument, and thereby change the peak area values outputted by 

the MS. In a second example, the voltage of the ion focus lens can be adjusted between 0 

and 127 V. Changing the voltage of the ion focus lens will adjust the sensitivity of the 

instrument. As such, the calibration equations generated using the old tuning file are 

different from the new tuning file calibration equations because of the adjustments made 

to the various MS parts and parameters by the autotune function.

The reliability of these new calibration curves generated by the new timing file were 

checked by comparing the standard deviations of multiple injections of a 100 ng 

ibuprofen standard run before May 25, 2006 to those run after May 25, 2006. The curves 

were also checked by comparing newly acquired biodegradation rate data with older data 

acquired before the tuning file re-write, and by comparing measured influent ibuprofen 

concentrations sampled and analyzed both before and after May 25, 2006.

The standard deviation of three 100 ng ibuprofen standards analyzed using the old tuning 

file was found to be ±19 ng. The standard deviation of three 100 ng ibuprofen standards 

injected after the tuning file was re-written was ±21 ng. These two standard deviations 

are very similar, and prove that any data generated after May 25, 2006 can be fairly 

compared to data obtained previously to this date, using the old tuning file.

Further to this, a biodegradation study was performed on June 1, 2006. The rate of 

biodegradation calculated using the data obtained during this study was consistent with 

the rates calculated from previous studies that were carried out before the old tuning file 
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was deleted. (This biodegradation study is discussed in depth in Section 4.10.2.) In 

addition, influent ibuprofen concentrations measured several times both before and after 

May 25, 2006 are consistent and comparable (see Section 4.6 and 4.7). These two 

comparisons further confirm the reliability of the calibration curves generated from the 

new tuning file, and the resulting conversion equations (Equation 13 and 14).

4.3 Acceptable Surrogate Standard Ranges

Meclofenamic acid (1000 ng) was added to each sample before the SPE process. The 

data acquired from constructing the calibration curves was also used to determine the 

acceptable surrogate standard range, since 1000 ng of meclofenamic acid was added to 

each ibuprofen standard. Based on 28 measurements of the meclofenamic acid peak area, 

the average peak area was 9,015,804, with a standard deviation of 1,546,859. Following 

a student t distribution and 99% confidence, the surrogate standard confidence interval 

ranged from a peak area of 4,729,458 to 13,302,150. The ibuprofen results were 

discarded for any samples that were analyzed by GC/MS and found to have a 

meclofenamic acid peak area outside this range.

After the tuning file for the MS was re-written on May 25, 2006, a new surrogate 

standard confidence interval for 1000 ng meclofenamic acid was established, along with 

the new calibration curves (as outlined in Section 4.1). From 10 measurements, the 

average peak area of 1000 ng meclofenamic acid was 1,921,137, with a standard 

deviation of 166,333. Using the student t distribution, the 99% confidence interval 
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ranged from a peak area of 1,380,555 to 2,461,719. This new surrogate standard 

confidence interval was used to examine all data obtained after May 25, 2006. A report 

of the full statistical analysis performed to find the confidence intervals, as well as a list 

of data points removed can be found in Appendix B.

4.4 Lowest Limit of Detection, Method Detection Limit, and Recovery

Percentages

To calculate the lowest limit of detection (LLD), a 25 ng ibuprofen standard was analyzed 

by the GC/MS six times. The results of these analyses (including the peak areas of 

ibuprofen and meclofenamic acid) are shown in Table 4-2.

Table 4-2 - Data for calculating the LLD

9-Dec-05

L *1 •jgw IMIII
IbUpfBHH

997,748 5,706,007
5-Jan-06 800,267 6,149,927
11-Jan-06 1,009,715 9,013,064
11-Jan-06 822,039 9,094,301
16-Jan-06 1,277,345 7,573,556
24-Jan-06 893,687 10,223,341

Average 966,800' -
Standard Deviation 176,084 H

The standard deviation of the ibuprofen peak areas was found to be 175,084. The 

probability of Type I and II errors was reduced to 5% by multiplying the standard 

deviation by 3.29 for a product of 576,027. Using the calibration curve equations
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(Equation 10), this equates to a concentration of 8.7 ng ibuprofen, which represents the 

LLD for this GC/MS instrument. In comparison with previously published studies, which 

report LLDs ranging from 1 ng/L to 50 ng/L (Koutsouba et al., 2003; Rodriguez et al., 

2003; Temes et al., 2003; and Clara et al., 2005), an LLD of 8.7 ng/L is acceptable and 

quite good.

The MDL was calculated by finding the peak area average and standard deviation of 5 

spiked DI water samples, processed by SPE and analysed on the GC/MS. The results are 

shown in Table 4-3.

Table 4-3 - Data for calculating the MDL

10-Jan-06 859,438 4,746,098
12-Jan-06 988684 4569251
16-Jan-06 964,154 4,456,934
16-Jan-06 1,014,198 4,682,456
16-Jan-06 655,219

Average____________
Standard Deviation

4,572,599

The standard deviation was multiplied by 4.604 (to.99,4), and the resulting value was 

converted to an ibuprofen concentration using Equation 10. The MDL was found to be 

14.2 ng/L. The MDL in previous studies was reported to range from 10 ng/L to 100 ng/L 

(Ollers et al., 2001; Koutsouba et al., 2003; Thomas et al., 2004; and Clara et al., 2005). 

The MDL of 14.2 ng/L found for this study is obviously within this range and is therefore 

acceptable. The step-by-step calculation of the LLD and MDL is presented in Appendix 

B.
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The percentage of ibuprofen recovered through the SPE process was calculated for both 

DI water spiked with ibuprofen, and synthetic wastewater spiked with ibuprofen. The 

percentage recovery was calculated by comparing the ibuprofen peak area for a sample 

spiked with a given concentration of ibuprofen with the ibuprofen peak area for the 

standard of that same concentration. Table 4-4 shows the analytical results for the DI 

water samples spiked with ibuprofen. The average peak area from the ibuprofen 

standards injections is also presented in the final column, for comparison purposes. 

When the average peak area for the spiked DI water was divided by the average peak area 

for a standard and multiplied by 100%, the percent recovery for a 25 ng/L, 100 ng/L, 

1,000 ng/L, and 10,000 ng/L ibuprofen sample was 92.7%, 106.4%, 88.5%, and 83.8%, 

respectively. Therefore, the overall recovery of ibuprofen was (92.8 ± 9.8) %. This 

percent of ibuprofen recovery and the standard deviation were both found to be 

acceptable.

Table 4-4 - GC/MS data from DI water samples spiked with ibuprofen and cleaned up by 
SPE

25 ng/L

10-Jan-06 859,438

for 25 ng/L: 
896,339

12-Jan-06 988,684
16-Jan-06 964,154
16-Jan-06 1,014,198
16-Jan-06 655,219

100 ng/L 10-Jan-06 2,314,025 for 100 ng/L:
16-Jan-06 2,595,657 2,454,841

1,000 ng/L 9-Jan-06 23,979,471 for 1,000 ng/L:
12-Jan-06 23,417,832 23,698,652

10,000 ng/L 10-Jan-06 227,220,580 for 10,000 ng/L:
12-Jan-06 227,300,076 227,260,328
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The chromatograph for a DI water sample spiked with 100 ng ibuprofen, (and cleaned up 

and analyzed by SPE followed by GC/MS), is seen in Figure 4-10.

Abundance
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Figure 4-10 - DI water spiked with 100 ng/L ibuprofen

The ibuprofen and meclofenamic acid peaks are both observable on this figure, however; 

there are some additional peaks throughout the 30 minute time interval that were not seen 

in the chromatograph for the 100 ng ibuprofen standard. (See Appendix B for this graph.) 

These extra peaks are likely due to additional compounds being extracted from the 

cartridge used in the SPE process. As long as the concentrations of ibuprofen and 

meclofenamic acid were consistent during the study, additional peaks were determine to 

not be a concern. The chromatograph generated from a DI water sample spiked with 

10,000 ng/L ibuprofen can be found in Appendix B.
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Similarly, 1-L samples of synthetic wastewater were spiked with 25 ng, 100 ng, 1,000 ng, 

and 10,000 ng of ibuprofen, and analyzed though SPE followed by GC/MS. The results 

are presented in Table 4-5 below, along with the average peak area for each respective 

ibuprofen standard for comparison.

Table 4-5 - GC/MS data from synthetic wastewater samples spiked with ibuprofen and 
cleaned up by SPE

Concentratl6p%
ibuprofen^ | ;ibupro»£p4MCti«

25 ng/L 31-Jan-06 833,319 25 ng/L: 896,339
100 ng/L 31-Jan-06 2,282,820 100 ng/L: 2,454,841

1,000 ng/L 23-Jan-06 28,515,093 1,000 ng/L: 23,698,652
10,000 ng/L 23-Jan-06 221,714,040 10,000 ng/L: 227,260,328

The ibuprofen peak area from the spiked synthetic wastewater samples were divided by 

the peak area from the ibuprofen standards in order to calculate the percent recovery of 

ibuprofen in wastewater. The recovery for a 25 ng/L, 100 ng/L, 1,000 ng/L, and 

10,000 ng/L ibuprofen sample spiked in to synthetic wastewater was 86.2%, 99.0%, 

106.5%, and 81.7%, respectively. Therefore, the overall recovery of ibuprofen was 

(93.3 ± 11.4) %. Previously published studies report recovery percentages for ibuprofen 

between 67% and 108% (Zwiener et al., 2000; Ollers et al., 2001; Koutsouba et al., 2003; 

Rodrigues et al., 2003; Temes et al., 2003; Thomas et al., 2004; and Clara et al., 2005). 

Therefore, an ibuprofen recovery of (93.3 ± 11.4) % is very good, and is highly 

comparable to the recoveries reported in earlier research.
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For comparison purposes with Figure 4-10, the chromatograph of synthetic wastewater 

spiked with 100 ng ibuprofen is shown in Figure 4-11, below.

Figure 4-11 - Synthetic wastewater spiked with 100 ng/L ibuprofen

Each peak on the chromatograph indicates a different compound contained in the sample. 

Since a number of compounds were added to create the synthetic wastewater (the recipe 

is provided in Section 3.3.3), expectedly, this chromatograph shows many more peaks 

than the spiked DI water sample (Figure 4-10).

The purpose of calculating the percent recovery for both spiked DI water as well as 

spiked synthetic wastewater was to determine if the constituents in the wastewater would 

elicit matrix interferences when extracting and analyzing wastewater samples. The 
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percent ibuprofen recovery was compared between the DI water and the synthetic 

wastewater using a Student t-test. The details of this test can be found in Appendix B. 

The results show that the percent recovery for DI water and synthetic wastewater are 

statistically similar. Thus, matrix interferences were not a concern for the wastewater 

sample analyses performed during this research.

4.5 Quality Assurance/Quality Control (QA/QC)

QA/QC is a very important aspect of any data collection and research study. It ensures 

that the data being gathered is of acceptable quality and repeatability. Some previous 

sections have already touched on some of the QA/QC measures that were employed for 

this research, such as the use of a surrogate standard and the generation of ibuprofen 

recovery percentages for the laboratory methodology.

The surrogate standard was added to every sample taken, and an acceptable confidence 

interval for all resulting meclofenamic acid peak areas was generated. The purpose of the 

confidence interval was to exclude erroneous data from calculations, and to ensure 

laboratory methods were reliable and consistent. Information regarding the surrogate 

standard is detailed in Section 4.3.

The recovery percentages were calculated to ensure that the SPE methodology was 

effectively extracting the ibuprofen from the water sample, and to ensure matrix 
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interferences were not occurring. Section 4.4 contains additional information regarding 

the percent recovery of ibuprofen.

Beyond surrogate standards and percent recoveries, a number of other QA/QC measures 

were employed, including the use of sample blanks, sample standards, and SPE process 

blanks.

A blank sample consisting of only ethyl acetate was injected at a minimum frequency of 

once every 6 samples. The purpose of this blank sample injection was to monitor for 

contamination building up in the GC/MS and appearing in the outputted chromatograph. 

If contamination was found, the source would likely be the constituents contained in the 

influent or primary clarifier wastewater in high concentrations. The blank sample aided 

in identifying that there was a contamination problem and also by clearing out this 

contamination by running pure ethyl acetate (a solvent) through the capillary column.

Figure 4-12 shows a blank injection run on the GC/MS. This chromatograph illustrates 

the background “noise” present in all chromatographs. Examining the abundance (y- 

axis), the scale ranges from zero to 9000. Comparing this scale to the 25 ng/L ibuprofen 

standard chromatograph (Figure B-l in Appendix B), the scale of Figure B-l ranges from 

zero to 380,000, and the very small amount of ibuprofen (25 ng) has an abundance of 

approximately 60,000. The abundance and size of the background peaks seen in 

Figure 4-12 are much smaller than even the peak for 25 ng ibuprofen (a very small 
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concentration). Thus, Figure 4-12 shows an acceptable blank sample chromatograph 

where contamination is not evident.

Figure 4-12 - Chromatograph of a blank (ethyl acetate) run on the GC/MS

In addition to injecting ethyl acetate blanks, periodically new ibuprofen standards would 

be prepared and injected in to the GC/MS. Ibuprofen concentrations of 100 ng/L, 

1,000 ng/L, and 10,000 ng/L were injected to verify that the GC/MS was still running 

well, and that the calibration of the instrument had not changed. Over the course of the 

research, the MS peak areas for these injections ranged between 82% and 117% of the 

original average standard peak area used for calculating the calibration curve. This range 

was found to be acceptable. This QA/QC measure was important for confirming that the 
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calibration curves constructed at the beginning of the research continued to be acceptable 

for converting the peak areas to concentrations throughout the duration of the research.

To verify that there was no contamination of the laboratory work space or equipment, 

blank samples would periodically be prepared and be run through the entire SPE process 

and injected in to the GC/MS. The blank samples consisted of 1-L of DI water. If 

GC/MS results showed no peaks corresponding to ibuprofen or meclofenamic acid, then 

it was concluded that contamination of the samples was not occurring. Figure 4-13 shows 

the chromatograph from one of the blank DI water samples that underwent the entire SPE 

clean up and processing.

Figure 4-13 - Chromatograph of a blank (DI water) run on the GC/MS, cleaned up with 
SPE
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As shown in Figure 4-13, there is no peak for ibuprofen or meclofenamic acid seen, thus 

contamination of the samples must be negligible. The large peak seen at the very left side 

of the chromatograph is ethyl acetate, and the remainder of the peaks are from the 

derivatizing agent, BSTFA.

4.6 Initial Pharmaceutical Analyses

Two 24-hour composite samples taken from the City of Guelph WWTP were initially 

analyzed for a suite of pharmaceutical compounds. The samples were collected from the 

influent to the headworks building, and from the final clarifier effluent from Plant #4. 

The analyses were performed at the Water Quality Centre at Trent University, and the 

results are presented in Table 4-6.

Table 4-6 - Selected pharmaceutical removal from the City of Guelph WWTP

Caffeine

Influent concentration ,■

passing through bar rack^
58,700 ± 4,550 6± 1 99.9%

Cotinine
(a metabolite of nicotine)

1,350 ±25 7± 1 99.5%

Carbamazepine
(used in epileptic patients to 
control seizures)

4,690 ± 32 620 ±8 86.8%

Fluoxetine
(also known as Prozac, used to 
treat depression)

13 ± 2 10± 1.5 23.1%

Trimethoprim
(an antibiotic usually used in 
combination with 
sulfamethoxazole for the 
treatment and prevention of 
urinary tract infections, 
traveler's diarrhea, respiratory, 
and middle ear infections)

220 ±5 200 ±4 10.0%
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Table 4-6 (continued)

Bezafibrate
(drug used to lower cholesterol)

< ■ bluest copcentniiM^

passing ihroii^x far fadapr

200 ±6 13 ± 1 93.5%

Diclofenac
(also known as Voltaren, used 
to reduce pain, inflammation 
and stiffness caused by many 
conditions, such as arthritis)

210±3 140 ±6 33.3%

Gemfibrozil
(used to reduce the amount of 
cholesterol and certain fatty 
substances in blood)

170 ±7 N.D. (<21) >87.6%

Ibuprofen
(also known as Advil or 
Motrin, an over-the-counter 
pain reliever)

10,800 ±33 N.D. (<100) >99.1%

Naproxen
(also known as Aleve, used to 
reduce pain and inflammation)

2,400 ± 24 N.D. (<72) >97.0%

Sul famethoxazole
(an antibiotic usually used in 
combination with trimethoprim 
for the treatment and 
prevention of urinary tract 
infections, traveler's diarrhea, 
respiratory, and middle ear 
infections)

620 ±4 610±6 2.0%

Triclosan
(a chemical used for its 
antibacterial properties, is an 
ingredient in many detergents, 
dish-washing liquids, soaps, 
deodorants, cosmetics, lotions, 
antimicrobial creams, insect 
repellants, and toothpastes)

700 ± 28 40 ±3 94.3%

Legend:
Concentrations (mean ± SD; ng/L; n = 3) of selected pharmaceuticals 

N.D. = not detected

As seen in Table 4-6, caffeine, carbamazepine, cotinine, bezafibrate, gemfibrozil, 

ibuprofen, naproxen, and triclosan are all well removed by the conventional WWTP 

processes. Diclofenac is poorly removed, while trimethoprim, fluoxetine, and 

sulfamethoxazole show little to no removal. For the most part these results are consistent 

with other published results (Metcalf et al., 2003; Clara et al., 2005; Jones et al., 2005).
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From all the acquired data, the biggest departure from typical published results occurred 

with the removal of 87% of carbamazepine from the influent to the final clarifier effluent 

at the City of Guelph WWTP. This is a very atypical result since all previous studies 

have shown carbamazepine to have little (less than 30%) to no removal in a conventional 

WWTP. Research has shown bezafibrate to have fair to good removal, while the removal 

rate for gemfibrozil has been found to highly vary. At the City of Guelph WWTP, both 

compounds were well removed. Previous studies have shown that diclofenac is removed 

through photodegradation, but removal rates are typically less than 50% at conventional 

WWTPs. Diclofenac was removed 35.7% at the City of Guelph WWTP, further 

confirming these previous results. High pharmaceutical removal rates have been 

previously documented for caffeine, cotinine, ibuprofen, naproxen, and triclosan. 

Similarly, these compounds were found to exhibit greater than 95% removal during this 

study.

There were two objectives for performing this initial pharmaceutical scan: to develop an 

overall picture of the effectiveness of the City of Guelph WWTP in removing 

pharmaceuticals from wastewater, and to examine the analytical data and select one of the 

drug compounds for further examination of its removal mechanisms. After carefully 

considering all pharmaceuticals for the latter objective, ibuprofen was chosen for further 

study. Ibuprofen was found to enter the WWTP in high concentrations (10,773 ng/L) 

and was not detected in the effluent from the final clarifier. This indicates that ibuprofen 

is very well removed in the conventional WWTP, allowing for fruitful further research on 

the removal mechanisms for ibuprofen.
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4.7 Ibuprofen Removal in Conventional WWTPs, MBRs, and BNR’s

4.7.1 Conventional WWTPs

Wastewater was sampled before and after each conventional treatment process 

throughout the City of Guelph WWTP. Plant #4 was sampled twice, each time in 

duplicate. The results of the sampling are presented graphically in Figure 4-14. The 

deviation bars represent a 95% confidence interval for each data point, based on standard 

deviation. In Appendix C, the results are presented in tabular form along with an 

exemplary chromatograph (Figure C-l through C-4) from each sampling point.

Figure 4-14 - Ibuprofen removal throughout Plant #4
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From Figure 4-14, ibuprofen does not appear to be removed in the primary clarifier, but 

appears to be very well removed in the aeration tank. The ibuprofen concentration of the 

wastewater entering the primary clarifier in the February and March samples were 

8,265 ng/L and 9,369 ng/L, respectively. Similarly, ibuprofen concentrations exiting the 

primary clarifier (and entering the aeration tank) were in the same concentration range. 

Ibuprofen concentrations exiting the aeration tank ranged from non-detected (<14 ng/L) 

to 25 ng/L for the February sample, and were all non-detected for the March sample. All 

samples taken of the effluent from the final clarifier were found to be non-detected for 

ibuprofen. The lack of removal in the primary clarifier and high removal in the aeration 

tank suggests that biodegradation is the primary mechanism of removal for ibuprofen. 

These results also suggest that sorption is not a major factor in the removal of ibuprofen.

The City of Guelph WWTP is unique in its aeration tank design since the activated sludge 

from the aeration tank effluent is recycled back in to the influent of the primary clarifier, 

instead of in to the influent to the aeration tank. Since biomass are present in the primary 

clarifier, it would be expected that some degradation of ibuprofen would occur here since 

biodegradation appears to be the primary mechanism of removal. However, the sample 

results show a lack of removal in the primary clarifier. The reason for this is because the 

recycled biomass which was introduced prior to the primary clarifier quickly settles to the 

bottom of the sedimentation tank. The primary clarifier samples collected during this 

study were taken from within the middle of the tank, where no biomass was present, and 

as such, no biodegradation of ibuprofen occurred.
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Plant #1 was also sampled before and after each treatment process. The results of this 

sampling event are presented in Figure 4-15. A table of the results can be found in 

Appendix C.

Figure 4-15 - Ibuprofen removal throughout Plant #1

Similar to the results seen from the Plant #4 analyses, Figure 4-15 shows that the 

ibuprofen concentrations in Plant #1 remain high through headworks and the primary 

clarifier, and then decrease significantly through the aeration tank. The average 

concentration of ibuprofen leaving the primary clarifier was 11,684 ng/L, while the 

concentration of water exiting the aeration tank was 480 ng/L. These results further 

confirm that biodegradation is the primary factor in removing ibuprofen from wastewater.
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In Plant #4 it was seen that the ibuprofen concentrations in the final clarifier remained 

below the method detection limit (14 ng/L) throughout the tank. In Plant #1 the 

ibuprofen concentration dropped from 480 ng/L entering the final clarifier to 277 ng/L 

exiting the final clarifier. It is believed that this decrease in ibuprofen concentration is 

due to dilution. Effluent water from the plant (which has been treated by RBCs, sand 

filtration and chlorination after leaving the final clarifier) is piped in and continuously 

sprayed in to the corridor between Plant #l’s aeration tank and final clarifier. The 

effluent water is sprayed to keep the foam from the aeration tank from entering the final 

clarifier. Plant #1 also has an issue of scum forming on the water surface in the final 

clarifier. To remedy this, effluent water is piped in and continually sprayed on the 

surface of the water in order to break up any scum before the water enters the weirs. 

Therefore, due to the additional effluent water being added to the final clarifier water, it is 

likely that this is the cause of the decrease in ibuprofen concentration. The WWTP 

effluent water (after chlorination) was not tested in this study, but it is reasonable to 

assume that ibuprofen would not be detected in this water since the wastewater exiting 

the final clarifiers of all four plants enter the RBCs, which would then further degrade 

any trace amounts of ibuprofen left in the wastewater.

The removal of ibuprofen in the aeration tank is very high for both Plant #1 and Plant #4. 

Concentrations in Plant #1 decrease from 11,684 ng/L to 480 ng/L; a removal of 95.9%. 

In Plant #4, ibuprofen concentrations decrease from an average of 9,289 ng/L to less than 

14 ng/L; a removal of greater than 99.8 %. The reason that Plant #4 outperforms Plant #1 

is most likely due to Plant #4’s extended aeration tank. The HRT in the Plant #4 aeration 
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tank is 14.2 hours, which is more than two times the 6.5 hour HRT in the Plant #1 

aeration tank. The longer retention time provides more time for the microorganisms to 

degrade the ibuprofen.

4.7.2 MBRs

As detailed in Section 2.6.3, there are opposing views as to whether MBRs or 

conventional WWTPs are more effective at removing ibuprofen, as determined by the 

biodegradation rate constant. In hopes of ratifying this controversy, an MBR pilot plant 

was studied. The GE Zenon MBR pilot plant was located at the City of Guelph WWTP 

site. This MBR is fed by the same influent wastewater that flows in to the municipal 

WWTP, thus allowing for a direct comparison of results between the two treatment 

systems since the compounds contained in the wastewater will be identical, and the water 

temperature will be similar. Before entering the MBR, the raw sewage is taken from 

headworks prior to the mechanical screening process, and is sent through a grit removal 

screen to remove certain materials such as hair, trash, hard debris, grit, and excess fat, oil 

and grease. This is done in order to sustain the membrane performance by protecting it 

from damage or excess fouling. Hair and lint in the MBR will often entangle itself 

around the membrane fibres, making the units difficult to remove.

The effluent was taken from the permeate stream from Pilot B. The influent and the 

effluent of the MBR were sampled twice, each time in duplicate. The results of this 

sampling are presented in Figure 4-16, and in Table C-3 (located in Appendix C).
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Chromatographs of the MBR influent and effluent samples are also presented in

Appendix C as Figure C-5 and C-6, respectively.

Figure 4-16 - Ibuprofen removal in the pilot MBR

The influent concentrations averaged 8,185 ng/L ibuprofen, while all effluent 

concentrations were less than the MDL of 14 ng/L. The MBR was calculated to have a 

99.8% ibuprofen removal rate. The HRT of the MBR was 5 hours, which is about 1.5 

hours less than the HRT of the aeration tank at Plant #1. The MBR is able to remove the 

ibuprofen in a shorter period of time than in Plant #1 because the SS concentration in the 

MBR is much higher than in a conventional WWTP. The SS concentration of the MBR 

averaged 11.65 g/L during sampling, while the concentration in the conventional plant 
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averaged 2.33 g/L. Higher SS concentrations are an indication that there is more 

activated sludge (microorganisms) in the MBR. This means that more ibuprofen can be 

degraded at any one given time, so the degradation appears to occur more quickly. The 

biomass concentrations in a conventional WWTP must be limited to whatever the 

separation capacity of the clarifier is; however, with an MBR system this is not a 

constraint since all mixed liquor separation is carried out by membrane filtration. In 

order to fairly compare the removal efficiency of a conventional WWTP and an MBR, the 

two different SS concentrations will have to be accounted for. This is discussed further 

and carried out in Section 4.10 and 4.11.

4.7.3 BNRs

The BNR pilot plant was sampled twice, each time obtaining duplicate grab samples. 

The results from this sampling are presented in Figure 4-17. The table of results, along 

with exemplary chromatographs for each sampling point can be found in Appendix C.

It is interesting to note the difference in the influent ibuprofen concentrations between the 

two sampling days. The June 25th sample was collected on a Sunday afternoon, while the 

June 27th sample was collected on a Tuesday morning at 8:30 am. The peaks in influent 

wastewater flow generally occur in the morning and in the early evening, as these are the 

times when water consumption (for washing, toilets, etc.) is at its highest. As a result, the 

June 27th morning sample was found to have an ibuprofen concentration of 11,493 ng/L, 

while the mid-day June 25th sample had a concentration of 5,893 ng/L.
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Figure 4-17 — Ibuprofen removal in the pilot BNR

From the graph in Figure 4-17 it appears that ibuprofen can be degraded in anaerobic, 

anoxic, and aerobic environments. In the operation of this BNR pilot plant, a significant 

portion of volume from the aerobic tank recirculates back through the anoxic and 

anaerobic tanks. (The wastewater flow between each tank is shown in Figure 3-19 of 

Section 3.6.) From both the previous sections and published studies, it is well established 

that ibuprofen is aerobically degraded, therefore it is necessary to calculate if the 

reduction in ibuprofen concentration in the anaerobic and anoxic tanks is solely due to 

dilution by the recirculated portion of the aerobically treated wastewater. This was done 

by completing a mass balance across each of the three tanks (i.e., anaerobic, anoxic, and 
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aerobic) for both sampling dates, and solving for the biodegradation rate, k (in l/h), in 

each tank. Note that this value is not the same as the biodegradation rate constant (kbioi) 

that will be discussed further on, in Section 4.9 and 4.10.

Table 4-7 presents the measured ibuprofen concentrations and computed degradation rate 

data for the BNR sampling. All tanks were CSTRs, so complete mixing was assumed for 

the calculations. The detailed mass balance calculations are presented in Appendix C.

Table 4-7 - Measured ibuprofen concentrations and calculated biodegradation rates for 
the BNR

Date of Sampling: June 25, 
2006

1 Concentration 
K Ibuproti^ ol

Influent to 
BNR 5,893 ■HI

Anaerobic 
Tank 2,545 57 1.07

Anoxic Tank 
Effluent 1,550 39 0.37

Aeration Tank 
Effluent 286 82 1.21

Date of Sampling: June 27, 
2006

Influent to 
BNR

Concentration ■
Ibuprafifa^

11,493

J?emovaJ(%k
■ Calcul^d^^

■liH

Anaerobic 
Tank 4,589 60 0.89

Anoxic Tank 
Effluent 1,226 73 3.70

Aeration Tank 
Effluent 237 81 1.14
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Looking at the calculated biodegradation rates (k) given for each tank in Table 4-7, all are 

greater than zero. This indicates that biodegradation is in fact occurring in each of the 

three tanks. If only aerobic biodegradation was occurring, and the decrease in ibuprofen 

concentration in the anaerobic and anoxic tank were solely due to dilution from the 

aerobically biodegraded wastewater, then the k value in the anaerobic and anoxic tank 

would be zero. Since this is obviously not the case, it can then be concluded that 

anaerobic biodegradation is occurring.

From the June 25, 2006 results, ibuprofen was 57% removed in the anaerobic tank, 39% 

removed in the anoxic tank, and 82% removed in the aerobic tank. The June 27, 2006 

sampling found that ibuprofen concentrations were reduced by 60%, 73%, and 81% in the 

anaerobic, anoxic, and aerobic tanks, respectively.

The percent removal of ibuprofen in the anaerobic tank on both days was about 60%, and 

the calculated k values were somewhat similar at 1.07 1/h and 0.89 1/h for June 25th and 

June 27th, respectively. While the June 25th sampling (k = 0.37 1/h) would seem to 

indicate that ibuprofen is not well degraded in the anoxic zone, the June 27th samples (k = 

3.7 1/h) indicate the very opposite. The BNR pilot itself had been re-seeded about 3 

weeks prior to the two sampling events, so the tanks may not have been completely 

stabilized, leading to the discrepancy in anoxic tank ibuprofen concentrations. With only 

two sample trials to examine, the results for anoxic degradation are inconclusive and 

further testing is recommended.
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As expected, the aerobic biodegradation rate was very similar between the two trials, with 

82% and 81% ibuprofen removal rates, and biodegradation rates of 1.21 1/h and 1.14 1/h 

calculated for the June 25th and June 27th sample dates, respectively.

It is known that as the SRT increases in a system, the ability of the microorganisms to 

degrade certain micropollutants also increases. This is because the higher SRT times 

cause an increase in the diversity of the bacterial populations present in the system. In the 

case of the BNR, diverse bacterial populations must also be present in the combination of 

aerobic, anaerobic and anoxic systems. As a result, it is reasonable to expect that 

ibuprofen would be degraded in a BNR system.

4.8 Rate of Biodegradation - Primary Clarifier

The occurrence of biodegradation of ibuprofen in the primary clarifier was examined by 

aerating a 10-L sample obtained from the Plant #4 East primary clarifier for 7 hours. One 

litre samples were taken hourly and analyzed. Table 4-8 contains the results of these 

analyses.

From Table 4-8, the ibuprofen concentrations for each sampling date do not appear to 

significantly increase or decrease from the initial concentration. The data from this table 

was normalized by dividing the ibuprofen concentration at a given time t by the initial 

concentration at time 0 for each respective sampling date. The natural logarithm of the 

normalized data was plotted versus time, as seen in Figure 4-18.
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Table 4-8 - Biodegradation of ibuprofen in the primary clarifier

21-Mar-06

r 
~

0 281,169,103 11,350 12,508,123
■■■■■■■■Ml

2 274,499,557 11,071 12,618,981
3 290,141,087 11,726 7,158,767
4 300,626,083 12,165 11,645,033
5 294,774,527 11,920 n/a
6 268,231,527 10,809 8,113,426
7 295,245,509 11,939 12,090,537

4-Apr-06

0 243,700,471 9,782 8,335,834
1 230,869,026 9,245 8,381,172
2 219,560,739 8,772 7,483,957
3 223,149,744 8,922 6,564,255
4 228,195,773 9,133 5,181,322
5 248,240,692 9,972 8,050,246
6 254,724,741 10,243 5,421,561
7 236,089,233 9,463 4,766,318

12-Apr-06

0 280,217,856 11,310 10,392,232
1 294,801,096 11,921 7,680,836
2 291,860,238 11,798 5,775,983
3 290,682,940 11,748 5,436,125
4 257,986,083 10,380 9,951,972
5 262,157,784 10,555 8,696,526
6 274,192,123 11,058 5,798,371
7 292,608,879 11,829 5,555,943

Note: hatched cells were omitted from calculations because the meclofenamic acid peak area was outside 
the range of acceptance.
n/a - data not available
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Figure 4-18 - Biodegradation of ibuprofen in the primary clarifier

Figure 4-18 clearly shows that the ibuprofen concentrations remain quite constant 

throughout the 7 hour aeration test for each of the three primary clarifier sample dates. 

The data in Figure 4-18 was linearly regressed, resulting in a linear equation between the 

natural logarithm of the normalized concentration and time. The Shapiro-Wilks 

goodness-of-fit test was first used to determine if the data was suitable to be described by 

a linear normal curve. The Shapiro-Wilks test was chosen because it is good for small 

data sizes. The results of the test proved that the Figure 4-18 primary clarifier data could 

indeed be linearly regressed. These Shapiro-Wilks calculations are presented in 

Appendix D along with the linear regression calculations. The slopes of the lines (shown 

in Figure 4-18) for the March 21, 2006, April 4, 2006, and April 12, 2006 sampling trials 

were calculated to be 0.041, 0.0082, and -0.0062, respectively. Therefore, the average 
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slope of the relationship between the natural logarithm of the normalized concentration 

and time was found to be 0.014. A Student t test was performed on this slope to 

determine if the slope was significantly different than a zero slope. The Student t test 

results (found in Appendix D) confirm that the slope is not significantly different from a 

zero slope. Therefore, as was initially suggested based on the WWTP treatment process 

results (from Section 4.7.1), these primary clarifier test results confirm that ibuprofen 

removal is not occurring in the primary clarifier.

4.9 Rate of Biodegradation - Aeration Tank (Conventional WWTP)

4.9.1 Biodegradation in the aeration tank

The rate of ibuprofen biodegradation in a conventional WWTP aeration tank was studied 

by collecting and aerating a sample over a period of 7 hours. The ibuprofen 

concentrations of the hourly samples collected during each of the three sampling dates are 

presented in Table 4-9. Figure 4-19 shows the natural logarithm of the normalized 

concentrations (ibuprofen concentration at time t divided by the initial ibuprofen 

concentration) plotted versus time for the aeration tank samples.

From Figure 4-19 it is easily seen that as time increases, the concentrations of ibuprofen 

present in the carboy decrease. The rate in which the ibuprofen concentrations decrease 

can be approximated by linearly regressing the natural logarithm of the normalized data 
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for each sampling date and looking at the slope of the line. First, the Shapiro-Wilks test 

was used to prove that the data points could be approximated by a linear relationship. 

Next, the equations of the lines were calculated through linear regression. The Shapiro- 

Wilks test and linear regression calculations are found in Appendix D.

Table 4-9 - Biodegradation of ibuprofen in the WWTP aeration tank

•a;,-

15-Mar-06

0 77,973,182 2,845 11,362,117
1 45,425,231 1,483 11,949,844
2 21,322,358 804 8,047,156
3 11,998,836 458 6,906,014
4 2,327,611 106 7,389,763
5 359,567 <14 7,496,462
6 ND <14 8,141,195
7 ND <14 6,589,047

28-Mar-06

0 68,942,844 2,467 7,092,821
1 38,508,381 1,193 7,137,476
2 19,350,585 730 6,028,790
3 10,434,881 400 6,326,780
4 5,107,867 202 5,119,140
5 825,372 21 7,187,033
6 10,782,768 <14 5,022,220
7 ND <14 7,726,459

10-Apr-06

0 70,779,496 2,544 5,977,522
1 62,252,620 2,187 7,298,127
2 43,957,093 1,421 8,709,876
3 18,828,181 711 7,554,840
4 9,148,386 352 4,812,249
5 3,249,867 133 6,853,109
6 701,983 14 5,382,664
7 ND <14 4,653,064

For the March 15, 2006 sampling date, the equation of the line was found to be 

y = -0.776x + 0.145, with an R2 value of 0.956. For the March 28, 2006 sampling date, 

the equation of the line was found to be y = -0.61 Ox + 0.033, with an R2 value of 0.997, 

and for the April 10, 2006 sampling date, the equation of the line was found to be 

y = -0.598x + 0.339, with an R2 value of 0.950. Here, the R2 value represents the 
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proportion of the variance of the dependent variable (In C/Co) that can be attributed to its 

linear regression on the independent variable (time). The R2 values for the three lines are 

all very close to one, thus proving that the given linear equations are an excellent 

representation of the relationship between the dependent and independent data.

Figure 4-19 - Biodegradation of ibuprofen in the WWTP aeration tank

The correct y-intercept value for all equations should be zero, since at time zero the 

normalized concentration must be one, and the natural logarithm of one is equal to zero. 

However, the y-intercept for each line was not constrained to a value of zero during the 

linear regression of the data. Constraining this value would be incorrect because this 

would imply that the value of Co was known without error, when in reality the same error 

applies to the Co measurement as to the rest of the sample measurements. Although the y- 

intercepts of the 3 equations are close to zero, they are not exactly zero because the 
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equations are based on the linear regression of experimental data points, which always 

contains some amount of error. The slope values of the 3 equations will be used to 

determine the biodegradation rate for ibuprofen.

The SS concentration (or mixed liquor suspended solids (MLSS) concentration) in the 

aeration tank on each respective day of sampling must also be accounted for. Obviously, 

as SS concentrations increase, the rate of biodegradation must also increase because there 

are more microorganisms available to carry out the degradation of ibuprofen. This was 

noted in Section 4.7.2, where it was found that ibuprofen was removed more quickly in 

the MBR, which had an SS concentration five times greater than the SS concentration in 

the WWTP aeration tank.

The units of the slope values, k, are 1/h. The units of the biodegradation constant (kbioi) 

are L/g SS*d. In order to calculate kbioi, each slope was divided by the MLSS 

concentration in the aeration tank on the respective day of sampling, and multiplied by 24 

hours. The results of this calculation are presented in the following table.

Table 4-10 - Calculating kbioi for the WWTP aeration tank

15-Mar-06 -0.776 2.35 -7.93
28-Mar-06 -0.61 2.49 -5.88
10-Apr-06 -0.598 2.15 -6.68

Therefore, the average kbioi for the WWTP aeration tank is -6.8 L/g SS*d. The 

confidence interval for the biodegradation constant was determined to be
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±3.3 L/g SS*d, based on a standard deviation of 1.03, and a 95% confidence range. The 

calculations for the confidence interval can be found in Appendix D. This value for kbioi 

is in good agreement, although slightly lower than published values of 

-(21 - 35) L/g SS*d by Joss et al., (2006) and -(23 ± 10) L/g SS*d by Temes et al., 

(2004). This discrepancy in the biodegradation constant is likely due to WWTP and 

wastewater differences between this research and previous research. Such differences 

may include sludge age, wastewater influent characteristics, the flow scheme of the 

respective treatment plants, and the experimental methods employed.

Clearly, from Figure 4-19, the data supports the fact that biodegradation of ibuprofen is 

occurring within the aeration tank. Published studies have found that ibuprofen in not 

removed through sorption or volatilization. This was confirmed during this research by 

two additional tests that are detailed below in Section 4.9.2 and 4.9.3.

4.9.2 Sorption

From the results of the WWTP process sampling (detailed in Section 4.7.1), it was 

suspected that sorption was not a major mechanism of removal for ibuprofen since all 

removal took place in the aeration tanks. It may be possible that sorption and 

biodegradation were jointly occurring during secondary treatment. However, if sorption 

were occurring in the aeration tank, then some sorption should have occurred in the 

primary clarifier as well, and decreasing ibuprofen concentration would have been seen 
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across this treatment stage. Since this was not the case, it is more likely that 

biodegradation is the only removal mechanism at work for ibuprofen.

Recent published reports support the negligibility of sorption for ibuprofen removal. 

Clara et al., (2005) found ibuprofen to be almost entirely biodegraded, but did not present 

any specific biodegradation rate constants or sorption coefficients. Two separate studies 

by Joss et al., (2005, 2006) provide sorption coefficients for ibuprofen. The papers assert 

that if the sorption coefficient for a particular drug compound is below 300 L/kg, sorption 

on to sludge is insignificant. The sorption coefficient for ibuprofen was determined to be 

7 to 10 L/kg.

To confirm that sorption was not a mechanism of ibuprofen removal, a carboy was 

allowed to aerate for 2 hours before taking and analyzing hourly 1-L samples. Sorption is 

known to be a quick acting method of removal, so if any sorption of ibuprofen were to 

occur, it would do so in the first two hours that the carboy was being aerated. Further to 

this, any ibuprofen removal recorded after this 2-hour time must solely be due to 

biodegradation. The ibuprofen concentrations collected each hour after the initial two 

hour aeration were divided by the initial ibuprofen concentration, and the natural 

logarithm of this value was plotted against time. The data was linearly regressed and the 

resulting line represented the removal of ibuprofen by biodegradation only. The first 

sample, which was taken at 2 hours, was assumed to be the initial concentration sample 

for calculation purposes. This initial concentration was 9,836 ng ibuprofen /L.
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A maximum and minimum rate lines (boundary lines for the shaded region) were 

generated using the following equation:

C, =Coxe(~kb"”xSSM) (15)

In this equation, Ct represents the ibuprofen concentration at a given time, t. A kbioi of 

-3.5 L/g SS*d was used for the minimum rate, and a kbioi of -10.1 L/g SS*d was used for 

the maximum rate, which represent the extreme end points of the biodegradation rate 

constant range (i.e. -6.8 ± 3.3 L/g SS*d) determined from the aeration tank 

biodegradation studies outlined in the previous section. An MLSS concentration of 

2.35 g/L was used in the equation, which was the MLSS concentration of the Plant #4 

aeration tank on the day the biodegradation-only test sample was withdrawn (June 1, 

2006). The initial concentration (Co) used for the predicted line was 9,836 ng/L, which 

was the initial concentration in the biodegradation-only test.

For comparison, the biodegradation-only test line was plotted along with the region 

representing the expected biodegradation rate range, as seen in Figure 4-20. The data 

used to create this figure can be found in Appendix D. If sorption were a factor in 

ibuprofen removal, it would be expected that the biodegradation-only line would be more 

steep and fall outside of the shaded region predicted using the kbioi range, since both 

sorption and biodegradation would have been responsible for the ibuprofen removal over 

the first two hours of the kbioi test.
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Figure 4-20 - Natural logarithm of normalized ibuprofen concentrations of the sorption 
test versus predicted values

The slope of the predicted minimum and maximum boundary is -0.342 1/h and 

-0.898 1/h, respectively. The slope of the biodegradation only line was calculated to be 

-0.838 1/h, as seen from the linear equation presented in Figure 4-20. The slope of the 

biodegradation-only line is seen to fall within the shaded area illustrating the minimum 

and maximum expected (using the kbioi 95% confidence range) biodegradation rates. As 

such, there is no significant difference between the biodegradation-only trial rate and the 

kbioi rate calculated in the previous section. Therefore, sorption is confirmed to not be a 

factor in the removal of ibuprofen. Section 4.9.1 found that the biodegradation constant 

(kbioi) for the WWTP aeration tank was (-6.8 ± 3.3) L/gSS*d. This rate constant is now 

confirmed since removal of ibuprofen by sorption has been proven to be negligible.
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4.9.3 Volatilization

Volatilization was suspected to not be a significant mechanism in the removal of 

ibuprofen due to the drug’s low Henry gas water partitioning coefficient (H), which is 

less than 10'5. Two flasks were spiked with 10,000 ng of ibuprofen. One flask was 

analyzed immediately, and the other was aerated for 4 hours and then analyzed. The 

results of the analyses are presented in the following table (Table 4-11).

Table 4-11 - Results of the volatilization test

0 268,785,973 10,887 9,199,091
4 292,237,107 11,874 8,896,123

From the table, it is seen that there is no decrease in ibuprofen concentration from the 

initial (time zero) sample to the four-hour aerated sample. This data confirms that 

ibuprofen is not removed from wastewater through volatilization.

4.10 Rate of Biodegradation - MBR

Similar to the biodegradation study done using wastewater collected from the 

conventional WWTP aeration tank, biodegradation in the MBR was also studied by 
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aerating samples collected from the MBR. Because the SS concentrations in the MBR 

were five times higher than in the WWTP aeration tank, the rate of biodegradation of 

ibuprofen was quicker in the MBR. As a result of this, samples had to be collected every 

20 minutes in order to adequately characterize the removal curve. The results of the three 

sampling trials are presented in Table 4-12.

Table 4-12 - Biodegradation of ibuprofen in the MBR

16-May-06

0 287,977,570 11,635 6,927,460
20 ■BOMB■■■■■
40 13,161,686 498 7,363,630
60 1,945,678 83 6,119,871
85 1,021,905 33 6,212,935
105 895,709 26 5,867,374
125 809,279 21 4,908,482

15-Jun-06

0 95,455,794 15,581 1,883,981
20 53,970,321 8,664 1,897,679
40 21,431,408 3,240 2,107,173
60 4,337,529 677 1,897,672
80 954,681 143 1,924,219
100 ND <14 1,443,963
120 ND <14 1,569,285

19-Jun-06

0 91,358,971 14,898 2,249,475
20 42,120,047 6,689 2,014,308
40 11,316,028 1,553 2,276,923
60 ■■■■
80 252,622 33 2,159,896
100 ND <14 2,159,896
120 ND <14 2,008,851

Note: hatched cells were omitted from calculations because the meclofenamic acid peak area was outside 
the range of acceptance.
ND - non-detect

For each sampling date, the natural logarithm of the normalized ibuprofen concentrations 

were plotted versus time, and are presented in Figure 4-21. Figure 4-21 shows that 

ibuprofen concentrations in the MBR wastewater decrease over time. Similar to the 
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procedure followed for the WWTP aeration tank, the rate of ibuprofen removal in the 

MBR was approximated by linearly regressing the natural logarithm of the normalized 

data for each sampling date. A Shapiro-Wilks test was used to prove linearity for each 

sampling day’s data. The calculations for this test along with the linear regression are 

presented in Appendix D.

Figure 4-21 - Biodegradation of ibuprofen in the MBR

From linear regression, the equation of the line for the May 16, 2006 sampling date was 

y = -4.157x- 0.2268 with an R2 value of 0.960. For June 15, 2006, the equation of the 

line was found to be y = -3.577x + 0.88, with an R2 value of 0.968, and for the June 19, 

2006 sampling date, the equation of the line was found to be y = -4.712x + 0.452, with an 

R2 value of 0.974. It should be noted that these R2 values are all very good.
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The overall biodegradation constant (kbioi) for the MBR plant was calculated by dividing 

the slope (k) of the linear line for each respective sampling date by the MLSS 

concentration in the MBR system on that particular date The results of this calculation 

are seen in Table 4-13.

Table 4-13 - Calculating kbioi for the MBR

16-May-06 -4.157 12.7 -7.855
15-J un-06 -3.577 11.5 -7.466
19-J un-06 -4.712 11.5 -9.833

The average kbioi for the MBR pilot plant is (-8.4 ± 4.0) L/g SS*d. The confidence 

interval for this measurement is based on a standard deviation of 1.27, and a 95% 

confidence range. The calculations for the confidence interval can be found in Appendix 

D.

4.11 Comparison between the Biodegradation Rate Constants for a Conventional 

WWTP and an MBR

Current published reports on the biodegradation of ibuprofen conflict as to whether 

ibuprofen is more efficiently biodegraded in a conventional WWTP or an MBR. This 

efficiency is described in terms of the biodegradation rate constant for each system. In 

this study, a conventional WWTP and a pilot MBR system were fed with the same raw 

wastewater, thereby allowing for a fair comparison between the ibuprofen removal 
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performance of the two systems. Both treatment systems have been operating for a 

number of years, so acclimatization of the activated sludge to the ibuprofen would have 

already previously occurred and did not factor in to the comparison between the two 

methods.

The SRT of the WWTP Plant #4 aeration tank was 9.5 days, while the SRT of the MBR 

pilot was approximately 15 days. The differences in the two SRTs would have no impact 

on the biodegradation rate of ibuprofen since both SRTs fall during the time period where 

the active biomass has been shown to comprise the majority of the total mass of activated 

sludge. Clara et al. (2005) found that ibuprofen removal rates did not change when the 

SRT was increased beyond 5 days. This is due to ibuprofen’s comparatively easy 

biodegradability, which does not necessitate a diverse biomass that would often require 

higher SRTs in order to produce. However, it should be noted that biodegradation rates 

would be expected to begin decreasing beyond a SRT of around 20 days, since beyond 

this time the activated sludge begins to contain a significantly greater amount of cell 

debris (or cell residue) and inert matter, while the concentrations of active biomass are 

significantly decreased. Therefore, the differences in SRTs between the conventional 

WWTP and the MBR did not impact the comparison between the two systems in this 

study, since ibuprofen removal rates would be expected to be consistent for systems with 

SRTs between 5 and 20 days.
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In addition, Clara et al, (2005) showed that pharmaceuticals had consistent removal rates 

for temperatures varying between 12°C and 21 °C. As such, slight temperature differences 

between the two treatment systems should not be a factor in their comparison.

Previous studies have found that PFRs (such as the WWTP Plant #4 aeration tank) are 

superior to CSTRs (such as the MBR aeration tank) in terms of their efficiency to 

biodegrade pharmaceuticals (Joss et al, 2006). This disparity was accounted for in the 

methodology of the biodegradation studies, where wastewater from both the conventional 

WWTP and MBR was grab sampled and tested in a batch reactor system.

Biodegradation studies found the kbioi for the conventional WWTP to be 

(-6.8 ± 3.3) L/g SS*d, and the kbioi for the MBR to be (-8.4 ± 4.0) L/g SS*d. A Student t- 

test was performed to compare the mean of the two systems’ kbioi values. This test can be 

found in Appendix D. The Student t test results find that the difference between the kbioi 

values for the WWTP aeration tank and the MBR are not statistically significant. 

Therefore, this study agrees with Clara et al.’s (2005) findings that MBRs and 

conventional WWTP systems are comparable in their biodegradation rate constant for 

ibuprofen. While the rate of biodegradation itself can be increased by increasing the SS 

concentration, (assuming this is a good approximation of biomass concentration), the 

biodegradation rate constant is found to be comparable between the two treatment 

systems.
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4.12 Ibuprofen Mass Balance Summary

A general mass balance for any drug compound within a WWTP or MBR is:

0 =

Concent

ration of 

ibuprofen 

in influent

-
Loss due to 

bio

degradation

-

Loss due 

to 

sorption

-

Loss due 

to 

volatiliz

ation

-

Concent

ration of

ibuprofen in 

effluent

Int iis mass balance, the difference setween the influtmt and effluent cOIK

(16)

:entration of a

particular pharmaceutical is attributed to losses due to biodegradation, sorption, and 

volatilization. If appropriate, an additional term accounting for desorption can also be 

added to Equation 16.

In the case of ibuprofen, it has been established that biodegradation is the only 

mechanism of removal. As such, the mass balance in Equation 16 can be simplified to 

the following:

(17)

Therefore, the difference between the influent and effluent ibuprofen concentrations can 

solely be attributed to a loss due to biodegradation.
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In a PFR, the effluent ibuprofen concentration (Ce) can be calculated by:

Ce=Coxef-k^SStHRT) (18)

The percent removal of ibuprofen can be calculated by:

xl00% (19)

If the WWTP aeration tank is modeled as a PFR, the calculated kbioi obtained from the 

biodegradation studies can be checked against the influent and effluent concentrations 

measured at the City of Guelph WWTP, Plant #4. It should be noted that modeling an 

aeration tank as a PFR is a gross oversimplification of the aeration tank reactor since the 

aerating action itself creates additional mixing within the tank.

Using the average data from Plant #4 of the City of Guelph WWTP, with an influent 

concentration of 10,000 ng/L, a kbioi of -6.8 L/g SS*d, an SS concentration of 2.3 g/L, 

and an HRT of 0.58 d, the effluent ibuprofen concentration is calculated by Equation 18 

to be 1 ng/L. This calculated value agrees with measured results which found the final 

clarifier effluent concentration to be less than the MDL of 14 ng/L. This agreement in 

measured and calculated effluent values helps to demonstrate the reliability of the 

established kbioi value for the WWTP’s aeration tank. Again, it should be noted that the 

aeration tank was assumed to be an ideal PFR for the purpose of carrying out the 
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preceding calculation, and the reader should be cautioned that this is not a fully realistic 

assumption, but nevertheless will suffice for the purposes of checking the acceptability of 

the biodegradation rate constant.
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5 CONCLUSIONS

Thousands of pharmaceuticals continually enter municipal WWTPs each day. Depending 

on the drug compound, removal in the WWTP has been found to vary from complete 

removal to none at all. To date there have been no scientific relationships found relating 

the characteristics of a pharmaceutical, such as its chemical structure or octanol-water 

coefficient, with its removal efficiency in a WWTP. For this reason, each drug 

compound must be individually assessed.

The removal efficiency of ibuprofen, a popular over-the-counter pain medication, was 

examined in the study. A method for the solid phase extraction of ibuprofen and sample 

analysis by GC/MS was developed. The methodology yielded ibuprofen recoveries of 

(93.3 ± 11.4) %, with an MDL of 14 ng/L. Both of these values are very good, and 

compare well with previously published recovery and MDL values.

Wastewater samples were obtained from the City of Guelph WWTP at each point 

between the influent (headworks), primary, and secondary treatment processes. The 

samples were cleaned up through solid-phase extraction, and analyzed by gas 

chromatography/mass spectrometry. Typical influent ibuprofen concentrations were 

around 10,500 ng/L. The results of these analyses found no removal of ibuprofen in the 

primary clarifier, and greater than 99% removal in the aeration tank (secondary 

treatment). The study confirmed that ibuprofen is well removed through biodegradation, 

while sorption and volatilization have a negligible impact on the removal.
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An MBR pilot plant equipped with an ultrafiltration membrane was located on the same 

site, and fed by the same raw wastewater as the City of Guelph WWTP. The influent and 

effluent of the MBR was sampled and greater than 99% removal of ibuprofen was 

observed. Mechanisms of removal specific to MBR systems, such as size exclusion or 

electrostatic repulsion, had no influence on the removal rate of ibuprofen since this drug 

compound is biodegraded. The HRT of the MBR was much smaller than that of the 

conventional WWTP (4.3 hours compared to 14.2 hours), but biodegradation occurred 

more quickly in the MBR because it had an MLSS concentration that was 5 times greater 

than that of the conventional WWTP aeration tank.

Batch reactor biodegradation studies were carried out to find and compare the 

biodegradation constant (kbioi) for the WWTP aeration tank and the MBR. These two 

systems were able to be fairly compared since both systems had SRTs between 5 and 20 

days, and published studies show that the removal efficiency of ibuprofen is consistent 

during this time range. Also, the wastewater influent to both the conventional WWTP 

and the MBR was identical, and the use of batch reactors for the studies negated the 

influence of any reactor configuration advantages or disadvantages.

The biodegradation rate constant values were first normalized by the respective MLSS 

concentrations in the WWTP and MBR. The kbioi for the conventional WWTP was 

determined to be (-6.8 ± 3.3) L/g SS*d, while the kbioi for the MBR was calculated as 

(-8.4 ± 4.0) L/g SS*d. These values are similar to, but slightly lower than currently 

published values for the kbioi of ibuprofen. When the kbioi of the WWTP and MBR were 
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compared, the different between the two system’s constants was not found to be 

statistically significant.

A BNR pilot system was sampled to determine if ibuprofen could also be anaerobically 

degraded. The BNR system consisted of an anaerobic tank, an anoxic tank, and an 

aerobic tank with a microfiltration membrane. Preliminary findings from this sampling 

suggest that ibuprofen was degraded anaerobically, although more testing is required.
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6 RECOMMENDATIONS

The area of pharmaceutical removal from wastewater is a relatively new and emerging 

field of research. Because there are so many different PPCPs available today, there is still 

much more research that needs to take place to not only understand our ability to remove 

these compounds from wastewater, but to also understand their physiological impact on 

the environment and to prevent their presence in wastewater influent.

The degradation products and metabolites of ibuprofen were not studied in this research, 

but it is recommended that these compounds be studied in the future in order to fully 

understand the fate of ibuprofen. To date, these products have not been well studied since 

they are usually found to be in concentrations less than 10% than that of ibuprofen. A 

different analytical methodology than the one used during this study, such as a tandem 

mass spectrometry (i.e., LC/MS/MS), will likely be required in order to analyze for these 

metabolites and degradation products.

Increasing demands on the fresh water supplies of the world will likely lead to greater 

incidences of indirect and direct water-reuse situations. Although ibuprofen is well 

removed from WWTPs through biodegradation, it is a highly used pharmaceutical, and as 

a result has been found in small concentrations in effluent-receiving waters all over the 

world, including Canada. In the future, controlling the sources of pharmaceutical 

contamination through prevention methods such as alternate disposal practices or 

decreased usage may be a more effective way to control this problem.
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Based on the results of the full pharmaceutical scan discussed in Section 4.6, the rate of 

removal of carbamazepine, an anti-epileptic drug, was 87%. This is a very interesting 

and atypical result since all previously published studies have shown carbamazepine to 

have little (less than 30%) to no removal in a conventional WWTP. It is highly 

recommended that the removal of this drug at the City of Guelph WWTP be further 

investigated in order to determine why this particular plant is so much more effective at 

removing this drug. Such research could obviously benefit all WWTPs.
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APPENDIX A Sample processing protocols - Water Quality Centre, 
Trent University

Influent and effluent wastewater samples were filtered under vacuum through Whatman 

1.5-pm glass microfibre filters to remove suspended solids. Then 100 mL of influent and 

200 mL of effluent samples were applied onto Waters Oasis HLB cartridges (6 mL/500 

mg) on a vacuum assembly. Triplicate samples were processed for each group of 

analytes.

1. Neutral Drugs

The pH of the samples was adjusted to 7.5. Before SPE, 100 ng each of caffeine-D3, 

cotinine-D3, carbamazepine-DlO and fluoxetine-D5 were added to the samples. The SPE 

cartridges were preconditioned sequentially with 6 mL acetone, 6 mL methanol and 6 mL 

Milli-Q water of pH 7.5. The flow rate was controlled at about 10 mL/min. At the end of 

the extraction, the sample flasks were rinsed with 10 mL of Milli-Q water at pH 7.5, and 

the rinses were passed through the SPE cartridges. Thereafter, the cartridges were dried 

under the vacuum for 5 min before elution with 3x3 mL methanol. After elution, the 

extracts were concentrated on a UVS 400 vacuum centrifuge to almost dryness and then 

reconstituted in 1 mL of 50:50 methanol-water in preparation for LC-MS/MS analysis.

2. Acidic Drugs

The pH of the samples was adjusted to 2.0. Before SPE, 100 ng each of ibuprofen-13C3 

and gemfibrozil-D6 were added to the samples. The SPE cartridges were preconditioned 
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sequentially with 6 mL acetone, 6 mL methanol and 6 mL Milli-Q water of pH 2.0. The 

flow rate was controlled at about 10 mL/min. At the end of the extraction, the sample 

flasks were rinsed with 10 mL of Milli-Q water at pH 2.0, and the rinses were passed 

through the SPE cartridges. Thereafter, the cartridges were dried under the vacuum for 5 

min before elution with 2x3 mL 2% NH4OH in methanol and 1x3 mL methanol. After 

elution, the extracts were concentrated on a UVS 400 vacuum centrifuge to almost 

dryness and then reconstituted in 1 mL of 50:50 methanol-water in preparation for LC- 

MS/MS analysis.

3. Sulfamethoxazole

The pH of the samples was adjusted to 3.0. Before SPE, 100 ng of sulfamethoxazole-I3C6 

were added to the sample. The SPE cartridges were preconditioned sequentially with 6 

mL acetone, 6 mL methanol and 6 mL Milli-Q water of pH 3.0. The flow rate was 

controlled at about 10 mL/min. At the end of the extraction, the sample flasks were rinsed 

with 10 mL of Milli-Q water at pH 3.0, and the rinses were passed through the SPE 

cartridges. Thereafter, the cartridges were dried under the vacuum for 5 min before 

elution with 3x3 mL methanol. After elution, the extracts were concentrated on a UVS 

400 vacuum centrifuge to almost dryness and then reconstituted in 1 mL of 40:60 

methanol-water in preparation for LC-MS/MS analysis.

4. Triclosan

The pH of the samples was adjusted to 6.0. Before SPE, 100 ng of triclosan-13C12 were 

added to the sample. The SPE cartridges were preconditioned sequentially with 6 mL 
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50:50 ethyl acetate-acetone, 6 mL methanol and 6 mL Milli-Q water of pH 6.0. The flow 

rate was controlled at about 10 mL/min. At the end of the extraction, the sample flasks 

were rinsed with 10 mL of Milli-Q water at pH 6.0, and the rinses were passed through 

the SPE cartridges. Thereafter, the cartridges were dried under the vacuum for 5 min 

before elution with 3*3 mL 50:50 ethyl acetate-acetone. After elution, the extracts were 

concentrated on a UVS 400 vacuum centrifuge to almost dryness and then reconstituted 

in 1 mL of 50:50 methanol-water in preparation for LC-MS/MS analysis.

Analytical Procedures

1. Neutral Drugs

Different levels of caffeine, cotinine, carbamazepine fluoxetine and trimethoprim, 

together with fixed concentration of caffeine-Ds (100 pg/L), cotinine-D3 (100 pg/L), 

carbamazepine-DlO (100 pg/L) and fluoxetine-D5 (100 pg/L) were prepared to form a 

series of calibration points. The linear calibration curve with 1/x weighting was employed 

to quantify the unknown samples. Trimethoprim was quantified using carbamazepine- 

D10 as the internal standard.

The neutral drugs were analyzed by the LC-MS/MS system consisting of the Agilent 

1100 series binary pump and autosampler and QTrap mass spectrometer (MDS SCIEX, 

Toronto) equipped with APCI source operated by Analyst 1.4. The column employed was 

Genesis Cl8 (150 x 3 rnm, 4pm) at the flow rate of 0.5 mL/min. The mobile phases 

consisted of lOmM ammonium acetate aqueous solution (A) and acetonitrile (B). The 

chromatography was achieved using the following linear gradient elution profile at room 
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temperature: mobile phase B was increased from the initial 5% to 20% over 4 min and 

reached 95% at 12 min; it remained at 95% for the next 3 min and then ramped back to 

5% within 2 min. The injection volume was 20 pL. Using Analyst 1.4., multiple reaction 

monitoring (MRM) with unit resolution on both of the first and second analyzer was 

selected for data acquisition in the positive-ion mode and nitrogen was used as curtain, 

nebulizer, auxiliary and collision gas. The mass spectrometric parameters were optimized 

as follows: curtain gas 20 psi, nebulizer gas 70 psi, auxiliary gas 15 psi, corona discharge 

needle current 2.0 pA, probe temperature 470°C, interface heater on, CAD gas 5 

(corresponding to vacuum gauge operating pressure of 3.1 x 10-5 torr). Collision energy 

and declustering potential were determined for each compound separately. The dwell 

time for each MRM transition was set at 200 ms.

Compound MRM

(precursor:

transition

> product)

Retention

time (min)

Declustering 

potential (V)

Collision

energy 

(eV)

Caffeine 195>138 7.45 47 25

Caffeine-D3 198 >140 7.45 47 25

Cotinine 177 >80 7.12 40 40

Cotinine-D3 180 >80 7.12 40 40

Carbamazepine 237>194 10.91 40 28

Carbamazepine- 247 > 204 10.91 25 30

D10

Fluoxetine 310 >44 12.54 15 17

Fluoxetine-D5 310 >44 12.54 15 17

Trimethoprim 291 >230 8.96 40 28
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2. Acidic Drugs

A series of acidic drug standards were prepared with different concentration levels of 

bezafibrate, diclofenac, gemfibrozil, ibuprofen and naproxen as well as a fixed 

concentration of ibuprofen propionic 13C3 (100 pg/L) and gemfibrozil-D6 (100 pg/L) as 

internal standards. Linear calibration curve with 1/x weighting was used.

The quantitation was achieved on a Micromass Quattro LC triple-quadrupole mass 

spectrometer fitted with a Z-spray electrospray interface. Instrument control, data 

acquisition and processing were performed using Masslynx 3.4 software. The instrument 

was operated in the negative-ion mode with the capillary voltage at -3.0 kV. Multiple 

reaction monitoring (MRM) was employed for the analyte quantitation and the collision- 

induced dissociation (CID) was carried out using 8.0 x 10”4 mbar of UHP argon as 

collision gas. The source temperature was 80°C and the desolvation temperature was 

300°C. Nitrogen was used as both the nebulizing and the desolvation gas at flow rate of 

70 and 600 Lh-1, respectively. The cone voltage and collision energy were optimized for 

each individual analyte. A dwell time of 200 ms per ion pair was used and the inter- 

channel delay was 0.01 s.

Compound

MRM transition Retention Collision

energy (eV)

Cone 

voltage 

(V)

(parent >
daughter)

time (min)

Bezafibrate 360 > 274 8.65 17 -25

Diclofenac 294 > 250 10.20 12 -25

Gemfibrozil 249>121 12.84 12 -25
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propionic-13C3

MRM transition Retention Collision Cone

Compound (parent > time (min) energy (eV) voltage

daughter) (V)
Gemfibrozil-D6 255>121 12.84 12 -25

Naproxen 229>185 7.49 6 -25

Ibuprofen 205>161 10.45 9 -25

Ibuprofen 208 >163 10.50 9 -25

Chormatographic separation was conducted on a Waters model 2690 HPLC system with 

a Genesis C18 column (150 x 2.1 mm i.d., 4pm) at a flow rate of 0.2 mL/min. The mobile 

phase A and B consisted of 40:60 acetonitrile-methanol and 20 mM aqueous ammonium 

acetate, respectively, which were degassed by an in-line vacuum degasser. The applied 

gradient elution was as follows: mobile phase A was increase from 40% to 98% within 8 

min, held at 98% for 7 min and then decreased to 40% over 2 min. The column was kept 

at room temperature and the injection volume was 25 pL.

3. Sulfamethoxazole

A series of standards were prepared with different concentration levels sulfamethoxazole 

and a fixed concentration of sulfamethoxazole-13 Ce (100 pg/L) as internal standard. 

Linear calibration curve with 1/x weighting was used.

The quantitation was achieved on a Micromass Quattro LC triple-quadrupole mass 

spectrometer fitted with a Z-spray electrospray interface. Instrument control, data 

acquisition and processing were performed using Masslynx 3.4 software. The instrument 
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was operated in the positive-ion mode with the capillary voltage at 4.0 kV. Multiple 

reaction monitoring (MRM) was employed for the analyte quantitation and the collision- 

induced dissociation (CID) was carried out using 1.0 x 10”3 mbar of UHP argon as 

collision gas. The source temperature was 90°C and the desolvation temperature was 

380°C. Nitrogen was used as both the nebulizing and the desolvation gas at flow rate of 

70 and 500 Lh-1, respectively. The cone voltage and collision energy were optimized. A 

dwell time of 200 ms per ion pair was used and the inter-channel delay was 0.01 s.

Chormatographic separation was conducted on a Waters model 2690 HPLC system with 

a Genesis C18 column (150 x 2.1 mm i.d., 4pm) at a flow rate of 0.2 mL/min. The mobile 

phase A and B consisted of acetonitrile and 20 mM aqueous ammonium acetate with 1% 

formic acid, respectively, which were degassed by an in-line vacuum degasser. The 

applied gradient elution was as follows: mobile phase A was increased from 18% to 32% 

within 14 min, further increased to 95% within 1 min, held at 95% for 5 min and then 

decreased to 18% over 2 min. The column was kept at room temperature and the injection 

volume was 20 pL.

13,

Compound MRM transition Retention Cone Collision

(precursor > time (min) voltage (V) energy (eV)

product)

Sulfamethoxazole 254 > 156 14.63 33 17
Sulfamethoxazole 260 > 162 14.63 33 17
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4. Triclosan

Linear calibration curve with 1/x weighting was obtained by preparing a series of 

different concentrations of triclosan standard and a fixed concentration of triclosan-13Ci2 

(100 pg/L) as internal standard.

The LC-MS/MS analysis was performed on a Micromass Quattro LC triple-quadrupole 

mass spectrometer fitted with a Z-spray electrospray interface. Instrument control, data 

acquisition and processing were performed using Masslynx 3.4 software. Multiple 

reaction monitoring (MRM) in the negative-ion mode was employed to analyze triclosan 

and the collision-induced dissociation (CID) was carried out using 5.0 x 10-4 mbar of 

UHP argon as collision gas.. The source temperature was 100°C and the desolvation 

temperature was 300°C, and nitrogen was used as both nebulizer and desolvation gas at 

flow rate of 30 and 230 Lh-1, respectively. The capillary voltage, cone voltage and 

collision energy was kept at -2.8 kV, -20 V and 40 eV, respectively. A dwell time of 

200 ms was used and the inter-channel delay was 0.01 s.

Compound MRM transition

(precursor > product)

Retention 

time (min)

Cone voltage 

(V)

Collision

energy 

(eV)

Triclosan 287 >35 9.97 20 40
Triclosan-13Ci2 299 > 35 9.97 20 40

Triclosan was eluted on a Waters model 2690 HPLC system with a Genesis Cl8 column 

(150 x 2.1 mm i.d., 4pm) at a flow rate of 0.2 mL/min. The mobile phase A and B 

consisted of methanol and water (pH adjusted to 7.5 with 1 M NH4OH), respectively, 
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which were degassed by an in-line vacuum degasser. The applied gradient elution was as 

follows: mobile phase A was increase from 55% to 98% within 3 min, held at 98% for 7 

min and then decreased to 55% over 2 min. The column was kept at room temperature 

and the injection volume was 25 pL.
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APPENDIX B Ibuprofen Standards Results, Calibration Data, 
Confidence Intervals, LLD, MDL, and Recovery Percentage
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Figure B-l - Ibuprofen standard 25 ng chromatograph
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Figure B-3 - Ibuprofen standard 100 ng chromatograph

Figure B-4 - Ibuprofen standard 500 ng chromatograph
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Figure B-5 - Ibuprofen standard 1,000 ng chromatograph

Figure B-6 - Ibuprofen standard 5,000 ng chromatograph
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Figure B-7 - Ibuprofen standard 10,000 ng chromatograph

Table B-l - Concentration standards data for May 25, 2006 calibration

*____ 1 Medon

50 ng/L 20-Jun-06 210,140 1,903,110

100 ng/L
25-May-06 627,493 1,379,104

20-Jun-06 594,756 2,021,091

20-Jun-06 926,080 2,136,463
500 ng/L 20-Jun-06 3,437,481 2,157,438

1,000 ng/L 25-May-06 5,144,831 1,321,192

20-Jun-06 7,402,744 2,025,167

5,000 ng/L 20-Jun-06 35,784,562 2,042,452

10,000 ng/L 25-May-06 53,262,541 1,665,166

20-Jun-06 68,038,784 2,145,008

Meclofenamic Acid Surrogate Standard -
-used to remove erroneous data

-Meclofenamic acid (MA) peak area must be within xbar ± t^^s in order to keep the 
ibuprofen result.
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For data obtained prior to May 35th: 
xbarMA= 9,015,804 

$ma~ 1,546,859 
nMA= 28

For data obtained after and including May 25th:
xbarMA= 1,921,137 

$ma= 166,333 
nMA= 10

to.005,27- 2.771

lo.oo5,9— 3.25

Therefore, acceptable interval for data obtained prior to May 25th is: 
4,729,458<peak areaMA<13,302,150

Therefore, acceptable interval for data obtained after May 25th is: 
l,380,555<peak areaMA<2,461,719 

**Any MA peak readings outside this interval are shaded out below, and were discarded 
from all calculations

Table B-2 - Aeration tank study results

15-Mar-06

0 77,973,182 11,362,117
1 45,425,231 11,949,844
2 21,322,358 8,047,156
3 11,998,836 6,906,014
4 2,327,611 7,389,763
5 359,567 7,496,462
6 ND 8,141,195
7 ND 6,589,047

28-Mar-06

0 68,942,844 7,092,821
1 38,508,381 7,137,476
2 19,350,585 6,028,790
3 10,434,881 6,326,780
4 5,107,867 5,119,140
5 825,372 7,187,033
6 10,782,768 5,022,220
7 ND 7,726,459

10-Apr-06

0 70,779,496 5,977,522
1 62,252,620 7,298,127
2 43,957,093 8,709,876
3 18,828,181 7,554,840
4 9,148,386 4,812,249
5 3,249,867 6,853,109
6 701,983 5,382,664
7 ND 4,653,064
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Aeration Tank Studies (continued)
9*7 *** Ibuprofen- - MedofenJ—

0 60,997,621 1,602,919
1 25,035,083 1,410,203
2 7,133,483 1,479,568

1-Jun-06 3 5,170,722 1,816,272
4
5 ND 1,826,142
6 ND 1,493,573

Table B-3 - Primary clarifier tank study results

•v •<
*

21-Mar-06

0 281,169,103 12,508,123
1 ■■■■■■
2 274,499,557 12,618,981
3 290,141,087 7,158,767
4 300,626,083 11,645,033
5 294,774,527 na
6 268,231,527 8,113,426
7 295,245,509 12,090,537

4-Apr-06

0 243,700,471 8,335,834
1 230,869,026 8,381,172
2 219,560,739 7,483,957
3 223,149,744 6,564,255
4 228,195,773 5,181,322
5 248,240,692 8,050,246
6 254,724,741 5,421,561
7 236,089,233 4,766,318

12-Apr-06

0 280,217,856 10,392,232
1 294,801,096 7,680,836
2 291,860,238 5,775,983
3 290,682,940 5,436,125
4 257,986,083 9,951,972
5 262,157,784 8,696,526
6 274,192,123 5,798,371
7 292,608,879 5,555,943
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Table B-4 - MBR study results

0 287,977,570 6,927,460
20 ||||||||||||||^^
40 13,161,686 7,363,630

16-May-06 60 1,945,678 6,119,871
85 1,021,905 6,212,935
105 895,709 5,867,374
125 809,279 4,908,482
0 95,455,794 1,883,981

20 53,970,321 1,897,679
40 21,431,408 2,107,173

15-Jun-06 60 4,337,529 1,897,672
80 954,681 1,924,219
100 ND 1,443,963
120 ND 1,569,285
0 91,358,971 2,249,475

20 42,120,047 2,014,308
40 11,316,028 2,276,923

19-Jun-06 60
80 252,622 2,159,896
100 ND 2,159,896
120 ND 2,008,851

Finding the Lowest Limit of Detection (LLP)
-perform multiple injections of a low standard (near zero concentration):

Table B-5 - Lowest limit of detection results

Date
IBU Peak 
Area

MA Peak 
Area

Dec. 9/05 997,748 5,706,007
Jan. 5/06 800,267 6,149,927
Jan. 11/06 1,009,715 9,013,064
Jan. 11/06 822,039 9,094,301
Jan. 16/06 1,277,345 7,573,556
Jan.24/06 893,687 10,223,341
Average 966,800 7,960,033
StdDev 175,084 1,790,222
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-To reduce the probability of a Type I (false positive) error to 5%, 
multiply s by 1.645 (95% confidence on the normal probability table). To 
reduce the probability of a Type II (false negative) error to 5%, multiply s 
by 2 x 1.645 = 3.29.

-Therefore, s*3.29= 576,027 

-Convert to

LLD= 8.7 ng Ibuprofen

Finding the Method Detection Limit (MDL)
-prepared (through SPE) and analyzed 5 samples at 25 ng/L concentration.

Table B-6 - Method detection limit results

Date
IBU Peak 
Area

MA Peak 
Area

Jan. 10/06 859,438 4,746,098
Jan. 12/06 988684 4569251
Jan. 16/06 964,154 4,456,934
Jan. 16/06 1,014,198 4,682,456
Jan. 16/06 655,219 4,572,599
Average 896,339 4,605,468
StdDev 147,070 145,777

Multiply s by to.99 4 
=147,070*4.604 
=677,107 

-Convert to
££_________

MDL= 14.2 ng Ibuprofen
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Percent Recovery of Ibuprofen

Figure B-8 - DI water spiked with 100 ng/L ibuprofen

T-Test to determine if there is a significant difference between 
the recovery % for DI versus synthetic WW

xbari= 92.84 S]= 9.75 ni= 10
xbar2= 93.33 s2= 11.38 n2= 4

Ho: mi-m2=0
Hp tn1-m2?©

t={(xbarrxbar2)/[^(n1-l)*Si2+(n2-l)*s22]}*{^ni*n2*(ni+n2-2))/(ni+n2)}

t= -0.08134

Reject null if t>ta/2>v or if t<-ta/2 v

to.O25,12= 2.179

Therefore, t<tn o?s i2, so the null hypothesis cannot be rejected.
The two means are not significantly different.
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APPENDIX C IBUPROFEN REMOVAL IN WWTPs, MBRs, AND

BNRs

Table C-l - Ibuprofen concentrations at each treatment process in Plant #4

Sample A

■ Ibuprofen^, 
PeakArea,

Concent-

Ibuprofen^

MeclofenanlW 
g, Acid

Date of Sampling: Feb. 6-7, 2006

Influent 
to 

Primary 
Clarifier

196,422,885 7,843 9,631,534 216,481,378 8,687 8,154,537

Influent 
to 

Aeration 
Tank

228,374,369 9,187 6,097,939

Influent 
to Final 
Clarifier

1,069,057 35 6,066,361 499,643 <14 4,766,686

Effluent 
from 
Final 

Clarifier
532,737 <14 6,156,684 480,778 <14 6,311,640

Date of Sampling: Mar. 1 -2, 2006
MM Sample A

Conci®
rjnlnBHSSI

IbupramfiS 
■ (no/OWRl

Influent 
to 

Primary 
Clarifier

242,757,454 9,792 6,202,283 222,636,837 8,946 7,040,650

Influent 
to 

Aeration 
Tank

225,818,042 9,079 4,804,985 238,226,408 9,601 10,412,794

Influent 
to Final 
Clarifier

309,486 <14 5,156,528 ■J

Effluent 
from 
Final 

Clarifier
<400,000 <14 5,101,498 422,515 <14 4,808,904

Note: highlighted cells were omitted from calculations because the meclofenamic acid peak area was 
outside the range of acceptance.
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Figure C-l - Influent to primary clarifier, Plant #4, chromatograph
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Figure C-2 - Influent to aeration tank. Plant #4, chromatograph
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Figure C-3 - Influent to final clarifier, Plant #4, chromatograph
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Figure C-4 - Effluent from final clarifier, Plant #4, chromatograph
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Table C-2 - Ibuprofen concentrations at each treatment process in Plant #1

Date of ling: June 21 - 22, 2006

sample not taken

—:— Sample#

'.fbupn^M^r

Headworks 69,538,678 11,260 1,599,891 70,601,397 11,437 1,725,864
Influent to 

Primary 
Clarifier

68,872,461 11,149 2,100,026 - - -

Influent to 
Aeration 

Tank
72,615,644 11,773 2,256,619 71,547,152 11,595 2,186,744

Influent to 
Final 

Clarifier
2,891,346 449 1,855,631 3,290,950 512 2,056,897

Effluent 
from Final 

Clarifier
1,802,742 277 2,245,505 - - -

Table C-3 - Ibuprofen concentrations from the MBR pilot plant

Influent to 
MBR

195,481,24 
3 7,803 7,389,765 213,447,275 8,559 8,801,537

Effluent 
from MBR <14 <14 6,599,046 <14 <14 5,854,825

Date of Sampling: April 18, 2006, Trial 2
• ••x.- "; ■■ Sample A

Ibuprofen.. 
:PeakArea*

203,296,78 
9

ConceMM 
ratibm 

Ibup^gggj

Influent to 
MBR 8,132 6,631,816 206,008,516 8,246 6,627,007

Effluent 
from MBR <14 <14 6,398,675 <14 <14 6,208,893
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Figure C-6 - Effluent from MBR, chromatograph

178



Table C-4 - Ibuprofen concentrations from the BNR pilot

Date of Sampling: June 25, 2006
:■' Sample

..Peak^tt^.

Influent to 
BNR 38,300,289 6,052 2,265,289 36,392,941 5,734 2,349,568

Anaerobic 
Tank 17,857,801 2,644 1,956,255 16,669,027 2,446 1,745,231

Anoxic 
Tank 

Effluent
11,538,286 1,590 2,365,133 11,053,194 1,509 2,000,112

Effluent 
from BNR 1,923,776 296 1,659,965 1,789,746 275 1,949,982

Date of Sampling: June 27, 2006
. Sample JI

’SskSsWw 
Ibuprofen-1 
PeakAnatj

■IK .
Influent to 

BNR 69,049,420 11,178 2,332,916 72,821,912 11,807 1,966,352
Anaerobic 

Tank 27,813,623 4,304 2,356,988 31,233,675 4,874 2,388,423
Anoxic 
Tank 

Effluent
8,288,795 1,301 1,825,564 7,333,017 1,150 2,155,680

Effluent 
from BNR 1,303,412 198 1,775,968 1,789,198 275 1,702,556
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BNR Mass Balance Calculations

June 25, 2006 sampling

Anoxic Tank Aerobic TankAnaerobic Tank

** assume complete mixing

Anaerobic Tank:

Q1C1 +Qr1 C3-Q2C2=tV

(66 L/h)(5896 ng/L)+(66 L/h)(1550 ng/L)-(133 L/h)(2545 ng/L)=k*C2*56L

k*C2=2727.7 ng/L.h

k=1.07 1/h

Anoxic Tank:

Q2C2+QR2C4-Q3C3-QRiC3=rV

(133 L/h)(2545 ng/L)+(66 L/h)(286 ng/L)-(133 L/h)(1550 ng/L) -(66 L/h)(1550 ng/L)
=k*C3*84L

k*C3=582.3 ng/L.h

k=0.37 1/h

Aerobic Tank:

Q3C3-Q4C4-Qr2C4=tV

(133 L/h)(1550 ng/L)-(66 L/h)(286 ng/L)-(66 L/h)(286 ng/L)=k*C4*486L

k*C4=346.5 ng/L.h

k=1.21 1/h
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June 27, 2006 sampling

Anoxic Tank Aerobic TankAnaerobic Tank

**assume complete mixing

Anaerobic Tank:

QiCi+QR1C3-Q2C2=rV

(66 L/h)(l 1,493 ng/L)+(66 L/h)(1226 ng/L)-(133 L/h)(4589 ng/L)=k*C2*56L

k*C2=4091.4 ng/L.h

k=0.89 1/h

Anoxic Tank:

Q2C2+Qr2C4-Q3C3-Qri C3=rV

(133 L/h)(4589 ng/L)+(66 L/h)(237 ng/L)-(133 L/h)(1226 ng/L) -(66 L/h)(1226 ng/L)
=k*C3*84L

k*C3=4547.7 ng/L.h

k=3.70 1/h

Aerobic Tank:

Q3C3-Q4C4-Qr2C4=tV

(133 L/h)(1226 ng/L)-(66 L/h)(237 ng/L)-(66 L/h)(237 ng/L)=k*C4*486L

k*C4=271.1 ng/L.h

k=1.14 1/h
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APPENDIX D BIODEGRADATION OF IBUPROFEN

Shapiro-Wilks test for Goodness-of-fit for Primary Clarifier data

Trial 1 - Primary Clarifier
n=7
k=3

order data
■mall'to larg

Column II I Column 
-order data -column

. firoih

standard deviation=

-0.049 0.069 0.118 0.6233 0.074
-0.025 0.051 0.076 0.3031 0.023
0.000 0.049 0.049 0.1401 0.007
0.033 0.033 0.000
0.049 0.000 -0.049
0.051 -0.025 -0.076
0.069 -0.049 -0.118

0.103 =b
0.044

E=

W=[b/(s*^)]2

W= 0.930

W(95%,5)=0.762
W(99%,5)=0.686
Therefore, since W>W0 05,5, Trial 1 Primary Clarifier data does not show significant evidence of 
non-normality
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Trial 2 - Primary Clarifier
n=8
k=4

standard deviation=

-order datalf&M&'v.
Column II
-order

'ColnmnlBfc^;
-column 11-!*“^

.

-0.109 0.046 0.155 0.6052 0.094
-0.092 0.019 0.111 0.3164 0.035
-0.069 0.000 0.069 0.1743 0.012
-0.056 -0.033 0.023 0.0561 0.001
-0.033 -0.056 -0.023
0.000 -0.069 -0.069
0.019 -0.092 -0.111
0.046 -0.109 -0.155

Z= 0.142 =b
0.055

W=[b/(s*^)]2

W= 0.963

W(95%,5)=0.762
W(99%,5)=0.686
Therefore, since W>W0.05,5, Trial 2 Primary Clarifier data does not show significant evidence of 
non-normality

Trial 3 - Primary Clarifier
n=8
k=4

CoIum&8^^Bfea^?;
-order det*'fnij£~£ j

-0.086

ColsmaJ^^
-order debt'jfr ^cdJumn'llyMjSj

y ■ ■ t; ‘ dh1 .

0.053 0.138 0.6052 0.084
-0.069 0.045 0.114 0.3164 0.036
-0.023 0.042 0.065 0.1743 0.011
0.000 0.038 0.038 0.0561 0.002
0.038 0.000 -0.038
0.042 -0.023 -0.065
0.045 -0.069 -0.114
0.053 -0.086 -0.138

Z= 0.133 =b
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Trial 3 - Primary Clarifier (cont.)

standard deviation=
0.054

W=[b/(s*^)]2

W= 0.859

W(95%,5)=0.762
W(99%,5)=0.686
Therefore, since W>Wo.o5,5, Trial 3 Primary Clarifier data does not show significant evidence of 
non-normality

Table D-l - Linear regression of primary clarifier data

21-Mar-06 4-Apr-06 12-Apr-06
3.9 3.5 3.5

0.018 -0.037 -4.214E-07
'A* 1 0.492 -1.029 -1.180E-05

0.631 -0.684 -0.260
139 140 140

0.014 0.032 0.021
0.138 0.345 -0.260
34.9 42.0 42.0
0.012 0.021 0.021
0.0040 0.0082 -0.0062

■ ?. V- 0.0029 -0.0655 0.0217

T-Test to Determine if there is a Significant Difference from the Zero Slope for the 
Primary Clarifier Data

t—(b-B0)/(Sygivenx (1/^))

Ho: Bo=O
l-h: Bo?4)
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t= 0.50120545 t= 0.9649372 t= -0.71144

t(1.025.5= 2.571 to.025.s= 2.447 to.o25.e= 2.447

Reject null if t>ta/2,v or if t<-tay2,v

Therefore the null hypothesis cannot be rejected for any of the 
three trials, so the slope does not differ significantly from zero. 
Thus, there is no ibuprofen removal in the primary clarifier.

Shapiro-Wilks test for Goodness-of-fit for WWTP Aeration Tank data

Trial 1 - Aeration Tank
n=5
k=2

Column^

standard deviation=

-3.293 0.000 3.293 0.6646 2.189
-1.827 -0.652 1.175 0.2413 0.284
-1.264 -1.264 0.000
-0.652 -1.827 -1.175

0 -3.293 -3.293
Z= 2.472 =b

1.255

W=[b/(s*-^i-l)]2

W= 0.970

W(95%,5)=0.762
W(99%,5)=0.686
Therefore, since W>Wo.o5,5, Trial 1 Aeration Tank data does not show significant evidence of 
non-normality
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Trial 2 - Aeration Tank
n=5
k=2

standard deviation= Z = 1.927 =b

^rder daWfn^/*' S'

-2.503

Column II Column Ill CotumHWv./Xl
-order data 
from luree>^

0.000 2.503 0.6646 1.663
-1.820 -0.726 1.094 0.2413 0.264
-1.217 -1.217 0.000
-0.726 -1.820 -1.094
0.000 -2.503 -2.503

0.966

W=[b/(s*-\^)]2

W= 0.995

W(95%,5)=0.762
W(99%,5)=0.686
Therefore, since W>Wo.o5,5> Trial 2 Aeration Tank data does not show significant evidence of 
non-normality

Trial 3 - Aeration Tank
n=6
k=3

1.148

cdumity&y*; ■ ’ Column 11 Column Hl- '' ''CninmnWfe •" ? • "• : Column —
. -order dafgjtHi^ -order data . -coining

-2.952 0.000 2.952 0.6431 1.898
-1.978 -0.151 1.827 0.2806 0.513

-1.275 -0.582 0.693 0.0875 0.061
-0.582 -1.275 -0.693
-0.151 -1.978 -1.827
0.000 -2.952 -2.952

standard deviation= Z= 2.472
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Trial 3 - Aeration Tank (cont.)

W=[b/(s*^)]2

W= 0.927

W(95%,5)=0.762
W(99%,5)=0.686
Therefore, since W>W0.05,5, Trial 3 Aeration Tank data does not show significant evidence of 
non-normality

Table D-2 - Linear regression of WWTP aeration tank data

1 Trial

n*Xba
'UW,.'

Sum

B (siopeps 
A (y-lnterce

15-Mar-06 28-Mar-06 10-Apr-06
2.0 2.0 2.5

-1.407 -1.253 -1.156
-14.074 -12.535 -17.346
-21.836 -18.635 -27.812

30 30 55
16.210 11.589 14.613
-7.763 -6.100 -10.466

10 10 17.5
6.306 3.734 6.590
-0.776 -0.610 -0.598
0.145 -0.033 0.339

Confidence Interval of the kbioi for WWTP

xbaH= -6.8281 Si= 1.0327

Interval =xbar±to.o5,2*s

to.O25,2=3.182

kbioi WWTP= (-6.8 ± 3.3) L/g SS*day

3
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Table D-3 - Sorption testing results

Ibuprofen

iiii^

Ibuproferi;. Peak/^1Date
Time 
(hr)

Conceng^ 
ration?''' ■iiMlEIOM

1-Jun- 
06

0 60,997,621 9,836 1,602,919 9,836 9,836
1 25,035,083 3,840 1,410,203 3,658 6,987
2 7,133,483 1,119 1,479,568 1,361 4,963
3 5,170,722 809 1,816,272 506 3,526
4 ■■■■ 188 2,504
5 ND <14 1,826,142 70 1,779
6 ND <14 1,493,573 26 1,264

‘Predicted by Ct/Co=eA(-kbioi*t)
where KbiOi=-3.5 for minimum and -10.1 for maximum
(range of average from aeration tank biodegradation studies) 
and SS=2.35 g/L for June 1,2006

Shapiro-Wilks test for Goodness-of-fit for WWTP Aeration Tank (Sorption Test) 
data
(Aeration Tank - biodegradation after 2 hours data)
n=3
k=l

Co1tlmdil&»i;''^,
-order datawiH ■

Column ' 1 Column ltil^j:fcoini^Mj-^
^rder'ddtK'^ul -<ohinHi?BllllllillBlM

-2.121 0.000 2.121 0.7071 1.500
-0.886 -0.886 0.000
0.000 -2.121 -2.121

standard deviation= 1.500
1.065

W=[b/(s*^)]2

W= 0.991

W(95%,5)=0.762

W(99%,5)=0.686
Therefore, since W>Wo.o5,5, Aeration tank biodegradation after 2 hours data does not show significant 
evidence of non-normality
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Shapiro-Wilks test for Goodness-of-fit for MBR data

Trial 1 - MBR
n=4
k=2

standard deviation= 2= 4.197 =b
2.532

Column , 
-order. djmt'*:t- 
from smalLto ■

-5.641

Column II-. Column II
^column 11

.. ............................. .....J5't'...................

-order dnli£^

0.000 5.641 0.6872 3.876
-4.997 -3.086 1.911 0.1677 0.321
-3.086 -4.997 -1.911
0.000 -5.641 -5.641

W=[b/(s*yfi)]2

W= 0.916

W(95%,5)=0.762
W(99%,5)=0.686
Therefore, since W>Wo.o5,5, Trial 1 MBR data does not show significant evidence of 
non-normality

Trial 2 - MBR
n=5
k=2

standard deviation=

Column I
-order date#;/, 
from small ’

Column II- 
rorderda^jv; 
from lenttawMH

Colo™!^ Columr

irminSl
WilkW

-4.688 0.000 4.688 0.6646 3.116
-3.136 -0.587 2.549 0.2413 0.615
-1.571 -1.571 0.000
-0.587 -3.136 -2.549
0.000 -4.688 -4.688

5= 3.731 =b
1.917
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Trial 2 - MBR (cont.)

W=[b/(s*^i)]2

W= 0.947

W(95%,5)=0.762
W(99%,5)=0.686
Therefore, since W>Wo.o5,5, Trial 2 MBR data does not show significant evidence of 
non-normality

Trial 3 - MBR
n=4
k=2

2.718

Column I . Column TT. ■ 
-order data^... 
from

Column HL ■ | £o|unjiij$^^ 
-column

Column!^

-6.124 0.000 6.124 0.6872 4.208
-2.261 -0.801 1.460 0.1677 0.245
-0.801 -2.261 -1.460
0.000 -6.124 -6.124

standard deviation1 Z= 4.453 =b

W=[b/(s*^)]2

W= 0.895

W(95%,5)=0.762
W(99%,5)=0.686
Therefore, since W>W0 05,5, Trial 3 MBR data does not show significant evidence of 
non-normality
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Table D-4 - Linear regression of MBR data

Trial Date-'* | 16-May-06 15-Jun-06 19-Jun-06

°-771 0.667 0.583
Ybiri ’̂S -3.431 -1.996 -2.296
n*Xbai*Yb^& I -10.579 -6.654 -5.358

-15.046 -10.629 -9.939
3.451 3.333 2.333

66.317 34.619 43.251
-4.467 -3.975 -4.581
1.075 1.111 0.972
19.229 14.695 22.159

B (slo^k^.^ -4.157 -3.577 -4.712
| -0.227 0.389 0.452

Confidence Interval of the kbjOi for MBR

xbar2= -8.3848 s2= 1.2695

Interval =xbar±to.o5,2*s

to.O25,2=3.182
^01 MBR= (-8.4 ± 4.0) L/g SS*day

n2= 3

T-Test to determine if there is a significant difference between 
the kbioi for WWTP and the kbioi for MBR

xbar^ -6.8281 Si= 1.0327 ni= 3
xbar2= -8.3848 s2= 1.2695 n2= 3

Ho: Hi-g2=0
Hv Hi-|i2X)

t={(xbar1-xbar2)/Mn1-1)*s12+(n2-1)*s22]}‘{^n1‘n2*(n1+n2-2))/(n1+n2)}

t= 1.64760156

Reject null if t>ta/2 v or if t<-ta/2v

to.o25,4= 2.776

Therefore, t<tnn254, so the null hypothesis cannot be rejected.
The two means are not significantly different.
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