
 
 

Assessing Removal of Pharmaceutical Compounds in Conventional Wastewater 

Treatment and Ultraviolet-Peracetic Acid Advanced Oxidation Process  

and 

Development of a Comprehensive Analytical Method for the Quantification of Veterinary 

Antimicrobials Spanning Several Livestock Industries 

 

 

By Kayla Naas 

May 1, 2019 

 

A Thesis submitted to the 

Faculty of the Graduate School of the 

University at Buffalo, The State University of New York 

In Partial Fulfillment of The Requirements for the 

Degree of 

 

Master of Arts 

Department of Chemistry 



ii 
 

Outline 

Table of Contents 
List of Figures ............................................................................................................................. iv 

List of Tables .............................................................................................................................. vi 

Abstract ..................................................................................................................................... vii 

Chapter 1: Introduction .............................................................................................................. 1 

1.1 Pharmaceuticals and personal care products in the environment ......................................... 1 

1.2 PPCPs in wastewater systems .............................................................................................. 3 

1.3 Veterinary antibiotics in manure and soil ............................................................................... 5 

References .................................................................................................................................. 7 

Chapter 2: Assessing the Removal of Pharmaceutical Compounds in Conventional 

Wastewater Treatment and Ultraviolet-Peracetic Acid Advanced Oxidation Process ....... 10 

2.1 Introduction .......................................................................................................................... 10 

2.2 Materials and Methods ........................................................................................................ 11 

2.2.1 Chemicals ...................................................................................................................... 11 

2.2.2 Sample collection along full-scale wastewater treatment train ...................................... 14 

2.2.3 Field test of UV/PAA advanced oxidation ...................................................................... 15 

2.2.4 Sample preparation for liquid chromatography tandem mass spectrometry (LC-MS/MS)

 ................................................................................................................................................ 17 

2.2.5 LC-MS/MS analysis ....................................................................................................... 18 

2.3 Results and Discussion ....................................................................................................... 21 

2.3.1 Separation of 40 PPCPS, and sertraline and norsertraline using two LC/MS/MS 

methods .................................................................................................................................. 21 

2.3.2 Aqueous concentrations of pharmaceuticals along a full-scale activated sludge 

treatment system .................................................................................................................... 30 

2.3.3 Partitioning of pharmaceuticals between sludge and aqueous phase ........................... 36 

2.3.4 Pharmaceutical removal by UV/PAA advanced oxidation process ............................... 40 

2.4 Conclusions ......................................................................................................................... 54 

References ................................................................................................................................ 56 

Chapter 3: The Development of a Comprehensive Analytical Method for the Detection and 

Quantitation of Veterinary Antimicrobials Spanning Several Types of Animal Industry ... 59 

3.1 Introduction .......................................................................................................................... 59 

3.2 Materials and Methods ........................................................................................................ 62 

3.2.1 Chemicals ...................................................................................................................... 62 

3.2.2 Analytical method development ..................................................................................... 64 

3.2.3 Extraction method evaluation ........................................................................................ 70 



iii 
 

3.3 Results and Discussion ....................................................................................................... 71 

3.3.1 Analytical method development ..................................................................................... 71 

3.3.2 Extraction method .......................................................................................................... 78 

3.4 Conclusions and future work ............................................................................................... 84 

References ................................................................................................................................ 85 

Chapter 4: Concluding Remarks ............................................................................................. 87 

4.1 Summary ............................................................................................................................. 87 

4.2 Future work .......................................................................................................................... 88 

References ................................................................................................................................ 90 

 

 

  



iv 
 

List of Figures 

Figure 1.1: Total number of drugs ordered and provided at physician visits across all surveyed 

physician specialties. Data was compiled from the National Ambulatory Medical Care Survey 

from 2010-2015…………………………………………………………………………………………...2 

Figure 1.2: Medically important antimicrobials sold or distributed in the U.S. for use in food-

producing animals in 2017…………………………………………………………………………........3 

Figure 2.1: Wastewater treatment plant scheme. Stars indicate sampling locations in the 

conventional treatment system and the dashed lines indicate secondary and tertiary effluent 

input into the pilot PAA disinfection system…………………………………………………………..14 

Figure 2.2. Structures of sertraline and norsertraline.  Red dashed lines indicate where in-source 
fragmentation occurs...................................................................................................................22 

Figure 2.3. (a-h) Chromatograms of the 40 analytes targeted in method I..............................23-29 

Figure 2.4. Chromatograms of sertraline and norsertraline from method II..................................30 

Figure 2.5: a) Summed concentrations of pharmaceuticals within each compound class along 

the conventional treatment train. b) Pharmaceuticals removed in the conventional treatment 

system (based on comparison between plant influent and final effluent, t-test, cutoff p = 0.05, 

n=3). Error bars represent standard deviation of triplicate measurement………………….…......32 

Figure 2.6: Concentrations of antibiotics (a), antidepressants (b), and other pharmaceuticals (c) 

along the treatment train from the two weekly samples………………………………………...33-34  

Figure 2.7: Ratios of individual pharmaceutical concentrations between final effluent and plant 

influent from the two weekly sampling events. The concentration ratios are not statistically 

different between the two weekly sampling events (t-test, p < 0.05, n=63)………………………35 

Figure 2.8: a) Log Kd values for the 21 pharmaceuticals detected in the aqueous samples. ‘ND’ 

= no detection in activated sludge solid. Error bars represent propagated error from triplicate 

measurements of aqueous and sludge concentrations. b) Scatter plot of the Log Kow values of 

detected pharmaceuticals and their log Kd values in activated sludge determined in this study. c) 

Mass fraction of pharmaceuticals sorbed to solid phase of activated sludge (over their total 

mass in the activated sludge mixed liquor). “ND” = no detection in activated sludge solid (all 

listed pharmaceuticals were detected in the liquid phase).....................................................38-39 

Figure 2.9: a) Comparison of total antibiotic or total antidepressant concentrations before and 
after PAA/UV treatment of tertiary effluent. b-c) Comparison of individual pharmaceutical 
concentrations before and after PAA/UV treatment in tertiary effluents organized into therapeutic 
classes. Pharmaceuticals with statistically significant removal (p < 0.05, n=3) by PAA and 1600 
mJ/cm2 UV treatment compared to control are labeled with the average percent 
removal...................................................................................................................................42-45 

Figure 2.10: a) Comparison of total antibiotic or antidepressant concentrations before and after 

PAA/UV treatment of secondary effluent. b-c) Comparison of individual pharmaceutical 

concentrations before and after UV/PAA treatment in secondary effluents organized into 

therapeutic classes. Pharmaceuticals with statistically significant removal (p < 0.05, n=3) by 



v 
 

PAA and 800 mJ/cm2 UV treatment are labeled with the average percent 

removal...................................................................................................................................49-52 

Figure 3.1: Species-specific estimated sales of medically important antimicrobial drugs 

approved for use in food-producing animals in 2017..................................................................59 

Figure 3.2 (a-c). Multiple reaction monitoring (MRM) chromatograms of the analytes in the 

optimized method...................................................................................................................67-69 

Figure 3.3: a) Chromatogram of the original sulfonamide/tetracycline LC method and b) co-

elution of sulfonamides and reduction in tetracycline response after the addition of macrolides, 

ionophores, and tiamulin........................................................................................................71-72 

Figure 3.4: Poor peak resolution and shape as a result of adding macrolides, ionophores, and 

tiamulin to the sulfa/tetracycline chromatography method of a) ATC, b) SPI II and c) NON......73 

Figure 3.5: Peak shapes of a) ETC (7.8 min) and TC (12.2 min) and b) SMR in a previously 

established method for detection of pharmaceuticals in wastewater..........................................74 

Figure 3.6: Comparatively poor signal and peak shape of ETC and TC in a) acidic ionization 

using the method established for detection of pharmaceuticals in wastewater when compared to 

b) “wrong-way round” ionization used in the established sulfa/tetracycline detection method...74 

Figure 3.7: Total ion chromatogram of an optimized separation of macrolides, ionophores and 

tiamulin using the Cortecs C18+ column and formic acid/acetonitrile mobile phases................75 

Figure 3.8: a) Total ion chromatogram of the optimized separation of macrolides, ionophores, 

and tiamulin of a 100 ppb standard mix and b) the gradient and accompanying separation and 

detection parameters. c) Comparison of peak shape and abundance of 100 ppb standard mix 

using the HypersilGOLDTM C18 and CortectsTM C18+ stationary phases..............................77-78 

Figure 3.9: Recoveries of ionophores after SPE of spiked water blanks/extraction buffer..........79 

Figure 3.10: Comparison of analyte response in a 200 ppb standard mix and after evaporation 

and reconstitution to 200 ppb in 75:25 FA/ACN and 30:70 FA/ACN...........................................82 

  



vi 
 

List of Tables 

Table 1.1: Antimicrobial classes approved for sale in the US with log KOW, excretion rates, and 

metabolism data............................................................................................................................6 

Table 2.1: Target pharmaceuticals and their compound classifications. Each sampling location 

along the conventional treatment train or treatment scenario were analyzed in triplicates. 

Compounds shown in bold were detected in all three replicates in at least one of the sampling 

locations or treatment scenarios.................................................................................................13 

Table 2.2: Retention time, selected reaction monitoring transition for the target analytes, and 

instrument limit of detection (iLOD). CE = collision energy (eV).................................................19 

Table 2.3: Summed average (± standard deviation) antibiotic and antidepressant concentrations 

for all UV/PAA samples (n=3 for all samples except for 6 mg/L PAA secondary effluent 

samples). The number in front of “UV” signifies UV fluence. For example, 1600 UV = UV 

irradiation of 1600 mJ/cm2...........................................................................................................41  

Table 2.4: Residual oxidant concentrations in tertiary effluent samples used in UV/PAA study. 

No significant difference is seen in H2O2 concentrations after any treatment.............................46 

Table 2.5: Compounds with statistically significant removal by different UV/PAA treatments. 

One-tailed t-test was performed to compare concentrations in control and treated (UV/PAA or 

dark/PAA) samples. Antidepressants are shown in bold texts....................................................48 

Table 2.6: UV/PAA sample parameters and corresponding water quality data. ‘NM’ = not 

measured.....................................................................................................................................53 

Table 3.1: Summary of current in-house solid manure extraction and LC-MS/MS methods and 

their corresponding analytical columns and mobile phases........................................................61 

Table 3.2: Target antimicrobials, their estimated octanol-water partition coefficients (Kow) and 

their dissociation constants (pKa)................................................................................................63 

Table 3.3: Retention time, MRM transitions for the target analytes, and the ratio of the intensity 
of the quantifying ion (Quant) to the qualifying ion (Qual). CE = collision energy (eV)...............66 

Table 3.4: Mobile phases tested in combination with the CortecsTM C18+ column for detection of 
macrolides, ionophores and tiamulin. Mobile phases tested were adaptations of mobile phases 
used in the previously established pharmaceutical method and ionophore analysis method.....75 

Table 3.5: Extraction recoveries of macrolides, ionophores and tiamulin after SPE using HLB 

cartridges and two compositions of MeOH/EtOAc for the extraction of ionophores. Eluate was 

evaporated to dryness and reconstituted in the starting mobile phase.......................................81 

Table 3.6: Recoveries of macrolides, ionophores and tiamulin after sequential reconstitution in 

ACN and FA to a final volume of 1 mL and composition of 75:25 FA/ACN.................................83 

 

  



vii 
 

Abstract 

 

Pharmaceuticals and personal care products (PPCPs) are contaminants of emerging concern.  

Two main pathways for PPCPs to enter into the environment is through the discharge of municipal 

wastewater into receiving water bodies, and through land application of manure from animals that 

receive antimicrobials, especially food-producing animals in confined feeding operations 

(CAFOs). Liquid chromatography tandem mass spectrometry (LC-MS/MS) provides an accurate 

and sensitive analytical method for multiresidue detection in environmental samples. In an effort 

to understand the loading of pharmaceutical residues into the environment, this research was 

conducted with two specific goals: (1) To assess the fate of 42 pharmaceuticals in a conventional 

municipal wastewater treatment plant and evaluate pharmaceutical removal with the 

implementation of an emerging advanced oxidation procedure utilizing peracetic acid and UV 

irradiation, and (2) To develop a comprehensive analytical method for the detection of several 

antimicrobial classes relevant to livestock industries.  

The work done in chapter 2 assessed the occurrence of 42 pharmaceutical compounds in 

wastewater and their removal by each treatment unit in a conventional activated sludge system. 

In this research, the effectiveness of an advanced oxidation procedure (AOP) utilizing 

UV/peracetic acid (PAA) in removing pharmaceuticals from wastewater was also investigated. Of 

the 42 compounds monitored, 21 were consistently detected in wastewater, which included 7 

antibiotics, 8 antidepressants, and 6 other types of drugs (analgesics, non-steroidal anti-

inflammatory drugs, anticonvulsants, antipsychotics, and stimulants). From the two weekly 

sampling events of conventional treatment, only 6 pharmaceuticals were removed in both weeks. 

Additionally, seventeen out of the 21 pharmaceuticals were detected in the activated sludge, with 

experimental sorption coefficients ranging from 5.6 × 100 to 1.7 ×104 L/kg. UV/PAA treatment of 

tertiary effluents decreased the total concentrations of antibiotics and antidepressants by ~36% 
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and ~20%, respectively, with PAA doses of 6 mg/L and a UV fluence of 1600 mJ/cm2. A few 

compounds known to be persistent in the conventional system were removed by UV/PAA, such 

as carbamazepine (22% removal), bupropion (47-59%), and citalopram (30%). However, in the 

more turbid secondary effluents, UV/PAA did not achieve significant pharmaceutical removal, 

suggesting that UV/PAA performance was severely suppressed by wastewater matrix.  

In chapter 3, an LC-MS/MS method was developed for the quantification of macrolides, 

ionophores and tiamulin in manure; all three antimicrobial classes are extensively used in 

livestock production in the United States (U.S.). There are three current LC-MS/MS methods in 

the Aga Laboratory that analyze for: (1) sulfonamides and tetracyclines, (2) macrolides, and (3) 

ionophores. In order to improve and decrease analysis time, the addition of ionophores, 

macrolides, and tiamulin to the sulfonamide and tetracycline method for the detection of 5 total 

antimicrobial classes was investigated. Various solid phase extraction (SPE) methods were 

investigated for the extraction of all 5 antimicrobial classes: (1) extraction using tandem amino-

HLB cartridges, and (2) only HLB cartrdiges eluted with either 50/50 or 75/25 methanol/ethyl 

acetate. However, the strong sorption of the ionophores to the amino (NH2) SPE cartridges (used 

as an additional clean-up column for the extraction of sulfonamides and tetracyclines) resulted in 

poor recoveries (<31%).  This likely occurred due to the chelation of metal cations by the 

ethylenediamine tetraacetic acid (EDTA) in the extraction buffer, as metal complexing is crucial 

for the ionophores’ ability to hydrophobically interact with the stationary phase.  The recoveries of 

all analytes in the second SPE method were insufficient, ranging from 1.6-69% and 6.4-96% in 

the 50/50 and 75/25 elution mixtures, respectively. Complete evaporation of SPE eluate was 

determined as a potential source for analyte loss in the cleanup and extraction process.  Further 

studies need to be done in order to develop an optimized extraction method for macrolides, 

ionophores and tiamulin.
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Chapter 1: Introduction 

 

1.1 Pharmaceuticals and personal care products in the environment 

The occurrence of pharmaceuticals and personal care products (PPCPs) in the terrestrial 

and aquatic systems, including diverse groups of human and veterinary drugs, are an ever-

increasing environmental concern. Municipal wastewater effluents are a major source of PPCPs, 

as suggested by their high detection frequencies and concentrations in water bodies receiving 

wastewater effluents.1-3 Veterinary antibiotics are deposited by pasture animals directly onto soils; 

larger confined animal feeding operations (CAFOs) collect and distribute manure slurries onto 

fields for fertilization, adding another concerning point source for environmental contamination of 

PPCPs.4 There has been a steady increase in drug prescriptions over the years, with an overall 

increase of 1.1 billion from 2010 to 2015 (Figure 1.1); a total of 3.7 billion drugs were ordered or 

provided at physician visits in the United States (U.S.) in 2015, with analgesics, antihyperlipidemic 

agents and antidepressants being the most frequently prescribed pharmaceuticals.5 The increase 

in drug prescriptions presents a greater pressure on environmental health, especially since little 

research has been done to assess the effects of low and prolonged exposure of organisms to 

PPCP mixtures.  
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Figure 1.1. Total number of drugs ordered and provided at physician visits across all surveyed physician specialties. 
Data was compiled from the National Ambulatory Medical Care Survey from 2010-2015. 

 

Additionally, antimicrobials administered in both human and veterinary applications have 

been shown to contribute to the proliferation of antimicrobial resistance in microorganisms.6-8 

Although recent actions by the US Department of Agriculture (USDA) have been taken to restrict 

the use of antimicrobials in food-producing animals, 5.6 million kg of medically important 

antimicrobial drugs approved for use in food-producing animals were sold in 2017 in the U.S. 

(Figure 1.2). 9 In addition, 5.4 million kg of non-medically important antimicrobials were sold, 82% 

of which were in the ionophore antimicrobial class. Anywhere from 30-90% of active 

pharmaceutical ingredients can leave an animal unmetabolized,10 and manure is a readily 

available nutrient source often used as a fertilizer. Manure-fertilized agriculture fields are therefore 

considered to be important point sources of antimicrobial introduction into the surrounding 

ecosystems.11-12 
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Figure 1.2. Medically important antimicrobials sold or distributed in the U.S. for use in food-producing animals in 
2017. 

 

 

 

 

1.2 PPCPs in wastewater systems 

The fate of a wide range of PPCPs in wastewater treatment plants (WWTPs) has been 

assessed, including antimicrobials, nonsteroidal anti-inflammatory drugs, beta-blockers, 

anticonvulsants, artificial sweeteners, lipid regulators, hormones, x-ray contrast media, ultraviolet 

filters, stimulants, illicit drugs, insect repellant, antidepressants, and plasticizers.13-19 Among 

different types of wastewater treatment systems, activated sludge systems are the most surveyed 

because they are the most commonly used treatment systems in many municipalities.18, 20 In these 

wastewater treatment systems, incomplete removal of many PPCPs was observed. Comparing 

alternative treatment systems, membrane bioreactors generally exhibit the highest PPCP removal 

than activated sludge systems or trickling filters.13, 17, 20 Most studies reported high removal (>95%) 

of analgesics/anti-inflammatories (e.g., acetaminophen, ibuprofen) and stimulants (e.g. caffeine), 
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but variable and often low removal of other compounds. In comparison to other classes of PPCPs, 

the fate of antidepressants by WWTPs is understudied, with typically only 1-3 compounds 

included in a survey. Sampling along wastewater treatment trains has been highlighted in several 

studies, along with temporal sampling and multi-target analysis, for improving the understanding 

of PPCP removal mechanisms.13, 15, 21-23 

 Advanced oxidation processes (AOPs) are being considered for PPCP degradation in 

wastewater treatment systems. Ultraviolet (UV)-based AOPs apply UV radiation in the presence 

of an oxidant such as hydrogen peroxide (H2O2), chlorine (HOCl), or peracetic acid (PAA) to 

generate highly reactive radicals (e.g., •OH).24-28 A laboratory study showed that UV/H2O2 (923 

mJ/cm2, 7.8 mg/L) achieved ≥90% removal for 39 out of 41 target PPCPs in grab samples of 

tertiary (sand-filtered) wastewater effluent29 while some pilot studies showed that UV/HOCl 

exhibited overall better PPCP removal than UV/H2O2. 25, 30 Wastewater matrix has major impacts 

on the performance of AOPs. Light competition among the added oxidant, PPCPs, and the matrix 

components in wastewater governs the efficiency of radical generation and PPCP photolysis; the 

presence of matrix components also scavenge radicals, influencing the effectiveness of AOPs.31-

32 PAA is a new disinfectant being proposed for municipal wastewater disinfection, providing an 

opportunity for the use of UV/PAA as an AOP.33-34 Similar to other AOPs, the performance of 

UV/PAA is expected to be influenced by various wastewater constituents. Therefore, an 

investigation that captures the complexity and variability of real wastewater effluent is needed to 

assess the potential of UV/PAA for PPCP removal at full-scale. Chapter two addresses the 

occurrence of a suite of 42 pharmaceuticals in a conventional activated sludge treatment system 

and evaluates the efficacy of UV/PAA advanced oxidation for the removal of pharmaceuticals 

under field conditions. 
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1.3 Veterinary antibiotics in manure and soil 

 In contrast to human waste treatment, animal waste often undergoes little to no treatment; 

CAFOs are required to utilize manure management practices in order to minimize environmental 

impacts of animal wastes, but system goals are typically focused on nutrient reutilization, bedding 

reclamation and greenhouse gas reduction rather than the reduction of residual antimicrobials.35-

36 Land application of manure for crop fertilization in the U.S. is subject to the National Pollutant 

Discharge Elimination System (NPDES) created in the 1972 Environmental Protection Agency 

(EPA) Clean Water Act, in an effort to reduce the pollutant loading from point sources. The 

NPDES permit focuses on appropriate agricultural utilization of nutrients and does not include any 

requirements for residual antimicrobial concentrations.37 Soil amended with manure containing 

antimicrobials have shown residual concentrations with concentrations of 0.03-120.4 ng/g for 

sulfonamides, 0.07-2683 ng/g for tetracyclines, <1-5.70 ng/g for macrolides, <1-11.7 ng/g for 

lincosamides, and 0.8-1348 ng/g for fluoroquinolones.38 Not only have antimicrobials been shown 

to persist in soils, but crop uptake of antimicrobials has also been reported.7, 38-39 

 The ubiquitous occurrence of antimicrobials in manure is of importance to the state of the 

environment and the propagation of antimicrobial resistance, driving the need for sensitive and 

comprehensive detection methods for monitoring antimicrobial residues. Many analytical methods 

for veterinary antimicrobial analysis in manure and soil matrices have been reported,38, 40-42 but 

the wide variety of antimicrobial classes and their diverse physicochemical properties present a 

challenge when attempting to extract and analyze across such a broad range of analytes (Table 

1.1). Additionally, the few methods that have reported the extraction and analysis of ionophores 

from manure and soil40, 43-48 have not combined this antibiotic class with others.49 Chapter three 

focuses on the development of a combined extraction and liquid chromatography tandem mass 

spectrometry (LC-MS/MS) detection method for the analysis of macrolides, ionophores, and 

tiamulin in response to their widespread use in poultry, swine, dairy, and beef cattle. Animal 
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manure containing mixtures of these antimicrobials are often land-applied, introducing residues 

of these antimicrobials in the environment.  

Table 1.1. Antimicrobial classes approved for sale in the US with log KOW, excretion rates, and metabolism data. 

Drug Class 

Average sold in U.S. 
for livestock use 

2017 (kg)a 

Log Kow
b 

Elimination 
half-life 
(hours)c 

Fraction 
unmetabolized 

(%)c 

Aminoglycosides 259,184 -8.1-0.8 2-3 80-90 

Cephalosporins 29,369 0.9-2.7 0.5-6 <10 

Penicillins 690,889 0.5-3.0 0.5-3 80 

Ionophores 22,904 5.4-8.5 2-3 50-80 

Lincosamides 152,497 0.2-2.6 3-4 10-50 

Macrolides 468,794 1.6-3.1 1-5 10-80 

Sulfonamides 274,112 -0.1-1.7 3-10 20-50 

Tetracyclines 3,535,701 -1.3-0.05 6-13 60-80 
a USFDA. 2018. 2017 summary report on antimicrobials sold or distributed for use in food-
producing animals. 

bhttps://pubchem.ncbi.nlm.nih.gov 

cMerck Manual http://merckmanuals.com/vet/index.html 
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Chapter 2: Assessing the Removal of Pharmaceutical Compounds in Conventional 

Wastewater Treatment and Ultraviolet-Peracetic Acid Advanced Oxidation Process 

 

2.1 Introduction 

Present at trace levels ranging from 0.1 to several thousand nanograms per liter1, 

pharmaceuticals and personal care products (PPCPs) have been shown to exert adverse 

ecological effects.2 For instance, at environmentally relevant concentrations, acetaminophen, 

carbamazepine, gemfibrozil, and venlafaxine, applied individually or as mixtures (0.5 µg/L each), 

resulted in reduced embryo production in female zebrafish (Danio rerio) over a six-week exposure 

period.3 Additionally, when zebrafish were exposed to authentic wastewater effluents, the 

reduction in embryo production was similar to that when exposed to the mixture of PPCPs 

detected in the effluents,3 suggesting that PPCPs can be the primary driver for the ecotoxicity of 

wastewater effluents. The presence of antimicrobials, a subset of PPCPs, in natural aquatic 

systems has been shown to affect natural microbial processes,4 and has been linked to the spread 

of antimicrobial resistance.5 Antidepressants are widely prescribed in the US, resulting in their 

ubiquitous occurrence in the environment and bioaccumulation in fish.6-7 When embryonic and 

larval fathead minnows were exposed to the antidepressants fluoxetine, bupropion, venlafaxine, 

sertraline, or their mixture at environmentally relevant concentrations, changes in predator 

avoidance behavior were observed for the larval fish.8  

 The fate of many PPCPs in wastewater treatment plants (WWTPs) has been evaluated 

and incomplete removal of many PPCPs was observed.7, 9-14 Membrane bioreactors generally 

exhibit the highest PPCP removal when compared to activated sludge systems or trickling filters.9, 

12, 15 Most studies reported high removal (>95%) of analgesics/anti-inflammatories (e.g., 

acetaminophen, ibuprofen) and stimulants (e.g. caffeine), but variable and often low removal for 
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other compounds. UV-based advanced oxidation procedures (AOPs) apply UV radiation in the 

presence of an oxidant such as hydrogen peroxide (H2O2), chlorine (HOCl), or peracetic acid 

(PAA) to generate radicals (e.g., •OH).16-20 Many studies have shown high PPCP removal in 

wastewater effluent using UV/H2O2 (923 mJ/cm2, 7.8 mg/L) or UV/HOCl.17, 21-22 PAA is a new 

disinfectant with anticipated use in municipal wastewater disinfection, providing an opportunity for 

the use of UV/PAA as an AOP.23-24 To the best of our knowledge, only one study investigated the 

performance and mechanism of UV/PAA for PPCP degradation.18 For the seven PPCPs 

investigated in this study, UV/PAA outperformed UV/H2O2, achieving more than 93% removal 

efficiency in phosphate or borate buffer matrices using 1 mg/L PAA and 120 min of UV contact 

time (incident light intensity of 2.12 × 10-6 Einstein L-1 s-1). 

 The two objectives of this study are to assess the fate of pharmaceuticals in a conventional 

activated sludge system and to evaluate the performance of UV/PAA advanced oxidation for 

pharmaceutical removal under field conditions. The study was conducted in a local WWTP and 

targeted 42 pharmaceuticals, including the understudied antidepressant drugs. The change in 

concentrations of these pharmaceuticals along the treatment train and their partitioning into the 

sludge phase was first assessed. Then, samples from a PAA pilot system were subject to UV 

irradiation to assess the removal of pharmaceuticals by UV/PAA under advanced oxidation 

conditions.  

 

2.2 Materials and Methods 

2.2.1 Chemicals 

 Acetaminophen, acetaminophen-d4, acetyl-sulfamethoxazole, acetyl-sulfamethoxazole-

d4, azithromycin, caffeine, carbamazepine, clarithromycin, enrofloxacin, erythromycin, 

lamotrigine, naproxen, norfloxacin, oxolinic acid, sarafloxacin, sulfachloropyridazine, sulfadiazine, 
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sulfadimethoxine, sulfamerazine, sulfamethazine, sulfamethizole, sulfamethoxazole, 

sulfamethoxazole-d4, roxithromycin, tilmicosin, trimethoprim, trimethoprim-d9, and tylosin were 

purchased from Sigma Aldrich. 13C,D3-erythromycin-H2O, ciprofloxacin, and diclofenac were 

obtained from Cambridge Isotopes Laboratories, Inc. (Tewksbury, MA). Spiramycin (mixture of 

spiramycin I, II, and III) and sulfathiazole were purchased from ICN Biomedicals, Inc (Costa Mesa, 

CA). Carbamazepine-d10, ciprofloxacin-d8 and caffeine-d3 were purchased from CDN Isotopes 

(Quebec, Canada). Diphenhydramine-d3 (internal standard), bupropion HCl, bupropion-d9 HCl, 

citalopram HBr, citalopram-d6 HBr, paroxetine maleate, paroxetine-d6 maleate, venlafaxine, 

venlafaxine-d6, desvenlafaxine, desvenlafaxine-d6, sertraline HCl, sertraline-d3 HCl, 

norfluoxetine oxalate, norfluoxetine-d6 oxalate, norsertraline HCl, and norsertraline-13C6 HCl 

were obtained from Cerilliant (Sigma-Aldrich, St Louis, MO). A Barnstead NANOpure™ Diamond 

(Waltham, MA) purification system was used to obtain 18.2 MΩ water used throughout all 

experiments. LC-MS grade methanol and acetonitrile (Omnisolv™) were purchased from EMD 

Millipore Corporation (Billerica, MA). Formic acid (88%) was purchased from Fisher Chemical 

(Pittsburgh, PA). 

A mixture of all isotopically labeled standards (surrogate mixture) was used for isotope 

dilution quantification, barring the internal standard diphenhydramine-d3. Since not all 

pharmaceuticals had a respective surrogate, quantification was performed using the closest 

eluting peak of an analyte within the same pharmaceutical class. 
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Table 2.1. Target pharmaceuticals and their compound classifications. Each sampling location along the 
conventional treatment train or treatment scenario were analyzed in triplicates. Compounds shown in bold 
were detected in all three replicates in at least one of the sampling locations or treatment scenarios.  

Class  Compound 

Antibiotics 

Macrolides 

 Anhydroerythromycin 

 Azithromycin 

 Clarithromycin 

 Roxithromycin 

 Spiramycin 

 Tilmicosin 

 Tylosin 

Sulfonamides 

 Acetylsulfamethoxazole 

 Sulfachloropyrazidine 

 Sulfadiazine 

 Sulfadimethoxine 

 Sulfamerazine 

 Sulfamethazine 

 Sulfamethizole 

 Sulfamethoxazole 

 Sulfamethoxydiazine 

 Trimethoprim 

Quinolones 

 Ciprofloxacin 

 Enrofloxacin 

 Norfloxacin 

 Oxolinic Acid 

 Sarafloxacin 

Antidepressants 

Norepinephrine and Dopamine 
Reuptake Inhibitor (NDRI) 

 Bupropion 

Serotonin and Norepinephrine 
Reuptake Inhibitors (SNRIs) 

 Desvenlafaxine 

 Venlafaxine 

Selective Serotonin Reuptake 
Inhibitors (SSRIs) 

 Citalopram 
 Fluoxetine 
 Norfluoxetine 
 Norsertraline 
 Paroxetine 
 Sertraline 

Tricyclic  Amitriptyline 

Other Pharmaceuticals 
Analgesic  Acetaminophen 

Anticonvulsants 
 Carbamazepine 
 Lamotrigine 
 Primidone 

Antipsychotics 
 Haloperidol 
 Risperidone 

Nonsteroidal Anti-Inflammatory Drugs 
 Diclofenac 
 Naproxen 

Stimulant  Caffeine 
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2.2.2 Sample collection along full-scale wastewater treatment train  

A total of 5 locations along a full-scale conventional wastewater treatment train were 

sampled: plant influent, activated sludge tank effluent, secondary clarifier effluent, media filter 

effluent, and chlorine disinfected final effluent (Figure 2.1). This treatment plant (design capacity 

16 MGD) practices pure oxygen aeration in the activated sludge basin and does not have a 

primary clarifier. Samples were collected on May 21-22 (denoted as week 1 below) and May 29-

30 (week 2), 2018. Composite samples were obtained by collecting 250 mL of wastewater every 

6 hours over 24 hours. Samples were stored at 4 ºC immediately after collection until the last 

fraction of the composite sample was collected. The samples were then transported to the 

laboratory at the University at Buffalo for analysis; samples were acidified to pH 2.5 ± 0.5 with 

40% phosphoric acid immediately upon receipt, and processed within 2 h (see below). 

 

 
Figure 2.1. Wastewater treatment plant scheme. Stars indicate sampling locations in the conventional 

treatment system and the dashed lines indicate secondary and tertiary effluent input into the pilot PAA 

disinfection system. 
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2.2.3 Field test of UV/PAA advanced oxidation  

PAA addition was accomplished by a PAA pilot disinfection reactor to capture the 

complexity and variability of authentic wastewater matrix. The pilot reactor used the effluent from 

secondary clarifiers (i.e., secondary effluent) as influent for days 1 to 22, and then the effluent 

from granular filters (i.e., tertiary effluents) as influent for days 23 to 26. The flow rate of the pilot 

reactor was 20 gallons per minute. Commercial PAA product VigorOx® WWT II (PeroxyChem) 

was used, which contains 15% PAA and 23% H2O2. 

For UV/PAA experiments, due to power limitation on the pilot reactor, we were not able to 

implement in-line UV treatment, which would require a high UV fluence rate to deliver sufficient 

fluence for advanced oxidation. We opted to use the batch setup instead, which also provided 

clearer distinction between the specific contribution from either PAA oxidation or UV/PAA 

advanced oxidation to pharmaceutical removal. Three 500-mL samples were collected from the 

PAA pilot disinfection reactor (contact time 1.3 min after PAA addition), and immediately subjected 

to three different treatments: 1) quenched with sodium thiosulfate (denoted as “control”), 2) 

irradiated in a collimated beam low-pressure UV reactor (0.49 mW/cm2) for a set period of time to 

achieve the target fluence and then quenched with sodium thiosulfate (denoted as “UV/PAA”), 3) 

stored in the dark for the same period of time as the UV/PAA sample and then quenched with 

sodium thiosulfate (denoted as “dark/PAA”). The sodium thiosulfate dose was 6:1 molar excess 

of the PAA dose. Two PAA doses (6 and 4 mg/L) were tested. Two relatively low UV doses (250 

and 800 mJ/cm2) were first tested on secondary effluents on days 1 to 10 of the pilot reactor 

operation. Because the results showed negligible pharmaceutical removal, higher UV doses (800 

and 1600 mJ/cm2) were tested on the tertiary effluents on days 23 to 26 of the pilot reactor 

operation. After thiosulfate quenching, all samples were acidified to pH 2.5 ± 0.5 using phosphoric 

acid. 
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 UV fluences were determined using chemical actinometry. A chemical actinometer 

is a chemical system that undergoes a light-induced reaction, and measuring the reaction rate 

allows for the calculation of the absorbed photon flux.  For these systems, the quantum yield of 

the reaction is accurately known.  The actinometer used in this study is a KI/KIO3 system, in which 

the triiodide complex concentration is measured spectrophotometrically by monitoring 

absorbance at 352 nm: 

8𝐾𝐼 + 𝐾𝐼𝑂3 + 3𝐻2𝑂 
ℎ𝜈
→  3𝐼3

− + 6𝑂𝐻− + 9𝐾+ 

The complex concentration can be used to calculate fluence (H’’) as 

  𝐻′′ =
[𝐼3
−]×𝑉×𝑈

𝑎×Φ
  

where [I3-] is the triiodide complex concentration in mol/L, V is the volume of the reaction vessel 

in L, U is the energy of 1 mole of photons at wavelength 254 nm in mJ/eins, a is the area of the 

solution receiving irradiation in cm2, and Φ is the quantum yield.  Fluence rate as a function of 

time can be found by linear regression of H’’ vs time, and thus it was found that irradiation times 

of 8.7, 28, and 56 min were need to achieve 250, 800, and 1600 mJ/cm2 UV fluence. 

Prior to thiosulfate quenching, PAA and H2O2 concentrations in all samples were 

measured using pre-calibrated handheld photometers based on the N,N-diethyl-p-

phenylenediamine and ferric thiocyanate methods, respectively (CHEMetrics, VA, U.S.). Water 

quality parameters such as turbidity, total organic carbon (TOC, mg C/L), dissolved organic 

carbon (DOC, mg C/L), pH, ammonia nitrogen (NH3-N, mg N/L), and UV absorbance at 254 nm 

(UV254, cm-1) were measured for the PAA pilot disinfection reactor influent (i.e., secondary or 

tertiary effluents prior to PAA addition). Except for turbidity and TOC, the other parameters were 

measured after the samples were filtered through 0.7 µm glass fiber filters. Turbidity was 

measured using a HACH 2100Q portable turbidimeter (2100Q01, HACH, CO, U.S.). TOC and 
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DOC were measured by a TOC-L/TN analyzer (Shimadzu Corp., Kyoto, Japan). Sample pH was 

measured using a SevenCompac pH/Ion meter (Mettler Toledo, OH, U.S.). NH3-N was measured 

using Hach reagents for the salicylate colorimetric method. UV254 was measured on a UV-Vis 

spectrophotometer (Agilent Cary 60, CA, U.S.).  

2.2.4 Sample preparation for liquid chromatography tandem mass spectrometry (LC-MS/MS)  

All field samples were collected in amber glass bottles pre-washed with 10% nitric acid. 

Samples were first filtered through 2.7 µm glass microfiber filters and then filtered through 0.45 

µm Nylon filters (Fisher Scientific Boston, MA, U.S.) to remove microorganisms and particulate 

matter. Samples were measured to 450 mL and subsequently spiked with surrogate standards 

(50 µL of 1000 µg/L surrogate solution as described in section 2.1).  

 Activated sludge samples from the treatment train were centrifuged and the supernatant 

was collected and acidified and filtered as described above. The sludge collected at the bottom 

of the centrifuge tube was freeze-dried, ground, and analyzed in triplicates using a previously 

established method with slight modification25. Briefly, a 100-mg aliquot of freeze-dried sludge 

sample was spiked with 50 µL of 1000 µg/L solution of surrogate compounds in 15-mL centrifuge 

tubes. Eight milliliters of acetonitrile/NANOpure water (5:3, v/v) were added to each sample before 

they were vortexed for 2 min, ultrasonicated for 15 min, and centrifuged at 2680 × g for 5 min at 

4 ˚C. The supernatant was decanted into 500-mL amber glass bottles. The extraction was 

repeated twice more and the supernatants combined. Samples were diluted with 300 mL of 

NANOpure water and the pH was adjusted to 2.5 ± 0.5 using 40% phosphoric acid, to prepare 

them for solid phase extraction (SPE). 

 All samples were concentrated by SPE using Oasis® HLB cartridges (500 mg, 6 cc, 

Waters, Milford, MA, USA). The SPE cartridges were preconditioned sequentially with 5 mL of 

methanol and 2×5 mL NANOpure water. Samples were loaded at 2–4 mL min-1, then the 
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cartridges were dried under vacuum. The analytes were eluted using 8 mL of LC-MS grade 

methanol and evaporated to dryness under N2 gas at 35 ˚C. Samples were reconstituted to 500 

µL with 475 µL of starting mobile phase and 25 µL of 500 µg/L diphenhydramine-d3 (as internal 

standard) to account for variations in sample injections. Samples were filtered through 0.45 µm 

Nylon syringe filters prior to analysis. 

2.2.5 LC-MS/MS analysis 

Two different mobile phase gradients were used in the LC/MS/MS analysis of the 

compounds listed in Table 2.5 in order to allow separation of sertraline and norsertraline 

(discussed below).  Both analyses were accomplished using an Agilent 1200 LC system (Palo 

Alto, CA) and a Thermo Scientific TSQ Quantum Ultra triple quadrupole MS (Waltham, MA) fitted 

with a heated electrospray ionization (HESI) probe, operated under positive ionization mode in 

timed selected reaction monitoring (timed SRM). The retention time, SRM transitions, and 

instrument limits of detection for each analyte are shown in Table 2.2. Sertraline and norsertraline 

are bolded to indicate their separation in a separate method. 
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Table 2.2. Retention time, selected reaction monitoring transition for the target analytes, and instrument 

limit of detection (iLOD). CE = collision energy (eV).26 Sertraline and norsertraline are bolded to indicate 

their separation in a separate LC-MS/MS method. 

Compounds 
Retention 
Time (min) 

Precursor Ion  
(m/z) 

Tube Lens 
Voltage (V) 

Quantifying 
Ion (CE) 

Qualifying 
Ion (CE) 

iLOD 
(µg/L) 

ANTIBIOTICS            

  Acetyl-Sulfamethoxazole 14.87 296.1 90 134 (24) 198 (17) 0.35 

  Anhydroerythromycin 17.52 716.5 149 158 (28) 558.4 (16) 0.74 

  Azithromycin 12.31 749.5 66 591.4 (25) 157.9 (36) 0.81 

  Ciprofloxacin 10.43 332.1 70 231 (35) 288.1 (16) 1.12 

  Clarithromycin 18.5 748.5 86 157.9 (26) 590.5 (16) 0.49 

  Enrofloxacin 10.89 360.2 83 316.2 (18) 245.1 (25) 2.57 

  Erythromycin 17.4 734.5 147 157.9 (29) 576.4 (18) 7.07 

  Norfloxacin 10.12 320.1 73 276.1 (16) 233.1 (23) 0.67 

  Oxolinic Acid 13.93 262 187 216 (28) 160 (27) 1.21 

  Roxithromycin 18.75 837.5 105 157.9 (32) 76.1 (18) 0.33 

  Sarafloxacin 12 386.1 60 299.1 (26) 342.1 (17) 0.74 

  Spiramycin I 12.23 422.3 87 174.1 (18) 101 (16) 1.34 

  Spiramycin II 12.58 443.3 61 174.1 (20) 101 (16) 0.75 

  Spiramycin III 13.4 450.3 91 174 (20) 101 (17) 1.39 

  Sulfachloropyrazidine 12.48 285 116 156 (15) 108 (25) 0.77 

  Sulfadiazine 4.01 251.1 108 156 (15) 92.1 (28) 0.20 

  Sulfadimethoxine 15.67 311.1 103 156 (21) 108 (30) 0.27 

  Sulfamerazine 7.99 265.1 76 156 (16) 172 (17) 0.28 

  Sulfamethazine 10.21 279.1 70 186 (17) 124.1 (26) 0.78 

  Sulfamethizole 11.06 271 65 92.1 (27) 156 (14) 0.14 

  Sulfamethoxazole 12.94 254 65 156 (16) 92.1 (26) 0.20 

  Sulfamethoxydiazine 10.97 281.1 81 92 (29) 108 (26) 0.46 

  Sulfathiazole 5.7 256 60 156 (15) 92 (27) 0.18 

  Tilmicosin 13.85 869.5 67 174 (40) 696.5 (39) 0.76 

  Trimethoprim 4 291.1 94 261.1 (24) 230.1 (23) 0.76 

  Tylosin 16.94 916.5 130 173.8 (36) 131.9 (35) 0.25 

ANTIDEPRESSANTS            

  Amitriptyline 14.54 278 112 233 (18) 191 (27) 0.27 

  Bupropion 12.13 240.1 85 184 (12) 131.1 (27) 0.34 

  Citalopram 14.53 325 57 109 (29) 262 (20) 0.12 

  Desvenlafaxine 7.5 264.2 140 58.2 (17) 107 (33) 1.14 

  Fluoxetine 35.47 310 30 228 (19) 72 (31) 5.24 

  Norfluoxetine 17.32 296.1 138 134.1 (5) N/A 0.45 

  Norsertraline 13.90 275 89 159 (21) 123 (41) 1.43 

  Paroxetine 16.34 330.2 73 192.1 (20) 150.9 (23) 0.39 

  Sertraline 13.47 306.1 152 158.9 (28) 275 (11) 0.28 

  Venlafaxine 13.01 278.2 102 58.2 (17) 121.1 (29) 0.52 

OTHER PPCPs            

  Acetaminophen 2.97 152.1 142 110.1 (15) 65.1 (30) 7.21 

  Caffeine 10.82 195.1 108 138.1 (19) 110 (25) 0.23 

  Carbamazepine 18.84 237.1 110 194.1 (19) 193.1 (33) 0.15 

  Diclofenac 24.47 296 59 214 (33) 250 (13) 0.17 

  Haloperidol 18.61 376 117 165 (22) 123 (35) 0.20 

  Lamotrigine 6.81 256 59 166 (24) 159 (28) 2.44 

  Naproxen 22.7 231.1 153 185.1 (13) 170.1 (36) 9.53 

 Primidone 10 219 105 162 (13) 91 (27) 4.40 
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Compounds 
Retention 
Time (min) 

Precursor Ion  
(m/z) 

Tube Lens 
Voltage (V) 

Quantifying 
Ion (CE) 

Qualifying 
Ion (CE) 

iLOD 
(µg/L) 

  Risperidone 10.47 411 106 191 (28) 110 (47) 0.17 

Method I.  For 40 of the 42 target analytes, chromatographic separation was accomplished 

using a previously established26 method using a Waters Cortecs™ C18+ column (2.1 × 150 mm, 

2.7 µm particle size) fitted with a 5 × 2.1 mm, 2.7 µm Cortecs™ guard cartridge. The mobile 

phases were comprised of aqueous 0.3% formic acid (A), and 75:25 methanol/acetonitrile (B). 

The gradient began as 90:10 A:B for 3 min, and was increased linearly to 100% B at 25 min, held 

for 5 min, then back to 90% A over 1 min and held for 14 min. The flow rate was set at 0.2 mL 

min-1 and the total run time was 45 min.  

Method II. Analysis of sertraline and norsertraline was performed separately to obtain 

baseline separation using a similar column (Waters Cortecs™ C18 (2.1 × 50 mm, 2.7 µm particle 

size) fitted with a 5 × 2.1 mm, 2.7 µm Cortecs™ guard cartridge) but with a different mobile phase 

gradient. The mobile phases used were aqueous 0.1% formic acid (A) and acetonitrile (B). The 

gradient profile consisted of 75% A and 25% B for 1.25 min, ramped to 50% B at 4 min, 55% B at 

7 min, 70% B from 11 to 15 min, and set back to 25% B over 1 min and held for 7 min. It was 

important to baseline separate sertraline and norsertraline for two reasons: first, sertraline is one 

of the antidepressants that had the highest occurrence and concentration in fish reported by a 

recent study, while its metabolite norsertraline was also detected at high concentration6; second, 

in-source fragmentation of sertraline was observed and gave rise to the same product ion as 

norsertraline, preventing accurate quantification if the two compounds are not baseline separated, 

as discussed below.  

The spray settings used for the MS for both LC/MS/MS methods were as follows: spray 

voltage: 3000 V, ion sweep gas pressure: 0 arbitrary units, vaporizer temperature: 350 ˚C, sheath 

gas pressure: 35 arbitrary units (N2), capillary temperature: 325 ˚C, collision gas pressure: 1.5 

mTorr (Ar), cycle time: 0.300 s, and Q1 peak width: 0.70 FWHM.  Isotope dilution was used for 

quantification of all analytes. For quality assurance, the ratio of the quantitative ion to the 
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qualitative ion for each analyte was monitored and considered acceptable if it is within ± 20% of 

the average ratio of the corresponding reference isotope labeled standard, as described in our 

previous work.27 In addition, the positive detection of each analyte was confirmed if the retention 

time is within ± 0.5 min of the retention time of the corresponding standard, and if the signal-to-

noise (S/N) ratio is >10. Finally, the number of points per peak must be >10 to be considered 

positive detection with high confidence. Spiked wastewater and sludge samples were used to 

calculate standard quantitative/qualitative ion ratios and retention times in order to limit the 

number of false negative detections by accounting for retention time shifts or changes in 

quant/qual ion ratios caused by matrix interference in samples. Mass spectral data was processed 

using Xcalibur™ (Thermo Fisher Scientific, Waltham, MA). Statistical analysis was done using 

Origin (OriginLab, Northampton, MA).  

 

2.3 Results and Discussion 

2.3.1 Separation of 40 PPCPS, and sertraline and norsertraline using two LC/MS/MS methods 

When method I was developed, sertraline and norsertraline were found to exhibit 

unavoidable in-source fragmentation at the same nitrogen-ring bond.  This prevented the use of 

the molecular ion for detection of norsertraline, and instead the fragment m/z of 275 was used as 

the precursor ion (Figure 2.2).  Since norsertraline is a metabolite of sertraline, both exhibited the 

same mass transition to the product ion of 159. In-source fragmentation of sertraline to the 275 

fragment contributes to the norsertraline signal, preventing accurate quantitation of the two are 

not chromatographically separated, which was unachievable in method I.  Method I 

chromatograms for analytes are shown in Figure 2.3. 
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Figure 2.2. Structures of sertraline and norsertraline.  Red dashed lines indicate where in-source 
fragmentation occurs. 
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Figure 2.3. (a-h) Chromatograms of the 40 analytes targeted in method I. 
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 Method II was developed for the separation of the 10 antidepressants listed in Table 2.1.  

Separation was achievable in 25 min, and the removal of MeOH from the organic mobile phase 

(100% ACN) allowed for the separation of sertraline and norsertraline. Figure 2.4 shows the 

overlaid chromatograms for sertraline and norsertraline, their baseline separation, and the 

norsertraline signal contribution from sertraline.  This baseline separation allowed for accurate 

quantitation of sertraline and norsertraline, and was used for their detection. 

 

Figure 2.4. Chromatograms of sertraline and norsertraline from method II.  

2.3.2 Aqueous concentrations of pharmaceuticals along a full-scale activated sludge treatment 

system 

Our methods analyze 42 pharmaceuticals, including 23 antibiotics, 10 antidepressants, 

and 9 other pharmaceuticals spanning several therapeutic classes (Table 2.1). Of these 42 

analytes, 21 were consistently detected, including 7 antibiotics, 8 antidepressants, and 6 other 

pharmaceuticals. Detection was only considered positive if an analyte was detected in all three 

sample replicates (100% detection frequency). Figure 2.4a shows the summed concentrations of 

each class of pharmaceuticals at each sampling location along the treatment train from two 

weekly sampling events, and Figures 2.5 (a)-(c) show the concentrations of individual compounds 

from each class. The pharmaceutical concentrations detected in the influent (i.e., raw sewage) 
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ranged from 5-1216 ng/L for antibiotics, 0.12-1305 ng/L for antidepressants, and 2-61873 ng/L 

for the other pharmaceuticals, which are consistent with influent concentrations reported in 

literature for North American WWTPs.7, 13 Pharmaceuticals in the “other” group exhibited the 

sharpest decrease between influent and activated sludge basin, largely driven by acetaminophen 

and caffeine, which were detected at high concentrations in the raw sewage (6054-61873 ng/L) 

and were removed with over 99% efficiency in the activated sludge tank. This is consistent with 

the rapid biodegradation of these two compounds in activated sludge reported in the literature.9, 

28 In contrast, antidepressants and antibiotics did not show appreciable removal; there is even an 

increase in their concentrations from the influent to the activated sludge tank. Because the 

sampled wastewater treatment system does not have a primary clarifier, the observed increase 

may be attributed to the release of sorbed pharmaceuticals as particulate organic matter degrades 

during biological treatment. Some of the more recalcitrant compounds such as carbamazepine, 

clarithromycin, bupropion, and citalopram showed increases in concentration after activated 

sludge treatment in at least one of the two weekly samples. This may be attributed to hydrolysis 

and cleavage of conjugated metabolites, such as acetylated metabolites, as reported in previous 

studies.9, 12, 29 Pharmaceutical concentrations at each sampling location were slightly higher in 

week 1 than in week 2, by factors of 2-12 for antibiotics, 5-8 for antidepressants, and 1-18 for 

others. 
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Figure 2.4. a) Summed concentrations of pharmaceuticals within each compound class along the 
conventional treatment train. b) Pharmaceuticals removed in the conventional treatment system (based 
on comparison between plant influent and final effluent, t-test, cutoff p = 0.05, n=3). Error bars represent 
standard deviation of triplicate measurement. 
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Figure 2.5. Concentrations of antibiotics (a), antidepressants (b), and other pharmaceuticals (c) along the 

treatment train from the two weekly samples.  

 

When the concentration of each pharmaceutical was compared between plant influent and 

final effluent (ratio of effluent/influent concentrations), significant removal (p<0.05, n=3) was seen 

for a total of 17 compounds from the two weekly sampling events, but only 6 of them 

(acetaminophen, caffeine, sulfamethoxazole, acetylsulfamethoxazole, ciprofloxacin, and 

naproxen) were removed in both weekly sampling events (Figure 2.5b). Excluding 

acetylsulfamethoxazole (30% to 41% removal), these 6 pharmaceuticals were also the ones 

showing the highest removal (88% to >99%). Figure 2.6 shows the spread of the ratios of 

effluent/influent concentrations for pharmaceuticals in each weekly sample. The variability in 

pharmaceutical removal was not unexpected, as this study encompasses a wide array of 

pharmaceuticals with varying physicochemical properties. The concentration ratios in the two 
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weekly sampling events were not significantly different (t-test, p < 0.05, n=63), suggesting a 

consistent performance of activated sludge treatment regarding pharmaceutical compounds. 

 

 

Figure 2.6  Ratios of individual pharmaceutical concentrations between final effluent and plant influent from 
the two weekly sampling events. The concentration ratios are not statistically different between the two 
weekly sampling events (t-test, p < 0.05, n=63). 

 

The concentrations of different antibiotics in the final effluent from the two weekly samples 

were 3.63-856 ng/L, and those of different antidepressants were 0.05-890 ng/L. Similar studies in 

North America also reported wide ranges of concentrations for pharmaceuticals in WWTP 

effluents, ranging from below detection limit (~10 ng/L) up to 37,000 ng/L for antibiotics, and from 

below detection limit (~10 ng/L) up to 442 ng/L for antidepressants. 7, 9-13 The concentration of 

carbamazepine, a persistent pharmaceutical, in the final effluent observed in this study was 3.33-

154 ng/L, similar to that reported in the literature ranging from below detection limit (~ 10 ng/L) up 

to 551 ng/L.13 A notable pharmaceutical with characteristically high abundance in final effluent 

was caffeine (24.7-565 ng/L), despite its high removal by activated sludge shown in this study 
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and elsewhere.30-31 This is consistent with other studies in North America reporting the range of 

effluent concentrations of caffeine from <hundreds of ng/L to 37,200 ng/L.13 Different designs and 

operating conditions of activated sludge systems, such as redox conditions and sludge retention 

times that affect the microbial community, can influence the removal efficiencies of WWTPs, 

resulting in varying observed concentrations of biodegradable pharmaceuticals in the final 

effluent.32-36  

2.3.3 Partitioning of pharmaceuticals between sludge and aqueous phase 

Pharmaceuticals in the activated sludge solids were analyzed from the samples collected 

from the activated sludge tank to determine the role of sorption in the overall removal of 

pharmaceuticals in the WWTP sampled in this study. The soil-water partition coefficient (Kd) was 

calculated (L/kg) as  

𝐾𝑑 =
𝐶𝑠
𝐶𝑎𝑞

 

where Cs is the pharmaceutical concentration in the solid phase (ng/kg) and Caq is the 

pharmaceutical concentration in the aqueous phase (ng/L). Figure 2.7a shows the experimental 

log Kd values for the 21 pharmaceuticals detected in the aqueous phase. Of these 21 compounds, 

17 were detected in the sludge solid phase, while four compounds—acetylsulfamethoxazole, 

anhydroerythromycin, naproxen, and primidone—were not. These four compounds feature low 

octanol-water partition coefficients (log Kow), ionizable functional groups, and negative charges at 

neutral pH.37 The 17 compounds detected in the sludge phase had Kd values spanning 4 orders 

of magnitude, ranging from 5.6 × 100 to 1.7 ×104 L/kg. Significant sorption of pharmaceuticals to 

activated sludge has been reported in previous studies, and the reported Kd values are 

comparable to those measured in this study.9, 38 The Kd values for acetaminophen (1242 L/kg), 

carbamazepine (69 L/kg), trimethoprim (234 L/kg), and sulfamethoxazole (41 L/kg) determined in 

this study are similar to those reported by Radjenović et al. who reported Kd values of 1160, 135, 
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253, and 77 L/kg for these four compounds, respectively.9 Stevens-Garmon et al.38 reported Kd 

values drastically different for acetaminophen and sulfamethoxazole (< 30 L/kg) from Radjenovic 

et al. and our study; their Kd value for diclofenac (< 30 L/kg) was also substantially lower than our 

result (11738 L/kg).38 Although log Kow are conventionally used as an indicator of compound 

hydrophobicity, they did not correlate with the observed partitioning of pharmaceuticals between 

the solid sludge and aqueous phase (Figure 2.7b). Previous studies also showed that hydrophobic 

interaction cannot fully account for the sorption behavior of pharmaceuticals on sludge especially 

for positively charged compounds, which show high affinity towards activated sludge.38  

The fraction of the total mass of pharmaceuticals sorbed on the sludge solid phase was 

calculated as:  

𝑀𝑠
𝑀𝑡
=

𝐶𝑠 × 𝑞𝑠
(𝐶𝑠 × 𝑞𝑠 + 𝐶𝑎𝑞)

 

where Ms is the mass of sorbed pharmaceutical in 1 L activated sludge suspension (ngsorbed/L); Mt 

is the sum of the sorbed and dissolved pharmaceutical mass in 1 L activated sludge suspension 

(ng/L); qs is the total suspended solid concentration of the activated sludge sample (kg/L). For the 

two weekly samples, qs was 3.72 and 7.28 g/L, respectively. Figure 2.7c summarizes the percent 

sorbed for all 17 compounds detected in the sludge solid phase. Eight compounds have more 

than 60% of the total mass in the sludge solid phase (acetaminophen, amitriptyline, caffeine, 

ciprofloxacin, citalopram, clarithromycin, diclofenac, and fluoxetine), 6 have between 10% and 

46% (azithromycin, bupropion, carbamazepine, sulfamethoxazole, trimethoprim, and 

venlafaxine), and the remaining 3 compounds (desvenlafaxine, norsertraline, and sertraline) have 

less than 10%.  
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Figure 2.7. a) Log Kd values for the 21 pharmaceuticals detected in the aqueous samples. ‘ND’ = no 

detection in activated sludge solid. Error bars represent propagated error from triplicate measurements of 

aqueous and sludge concentrations. b) Scatter plot of the Log Kow values of detected pharmaceuticals and 

their log Kd values in activated sludge determined in this study. c) Mass fraction of pharmaceuticals sorbed 

to solid phase of activated sludge (over their total mass in the activated sludge mixed liquor). “ND” = no 

detection in activated sludge solid (all listed pharmaceuticals were detected in the liquid phase).  
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2.3.4 Pharmaceutical removal by UV/PAA advanced oxidation process  

Figure 2.8a compares the total concentrations of antibiotics or antidepressants before 

(“control”) and after UV/PAA treatment of tertiary effluents. These data can also be found in Table 

2.3. PAA doses 4 and 6 mg/L and UV fluences 800 and 1600 mJ/cm2 were tested at different 

combinations. With either PAA dose, significant removal for total antibiotics or total 

antidepressants was observed only when 1600 mJ/cm2 UV fluence (n=3, p < 0.05) was used but 

not with the application of 800 mJ/cm2. With 4 mg/L PAA and 1600 mJ/cm2, 35.4% overall removal 

was observed for antibiotics while 15.1% overall removal was seen for antidepressants. With the 

same UV fluence, a higher PAA dose (6 mg/L) resulted in a similar overall removal for antibiotics 

(36.4%) but higher removal of the total antidepressants (24.9%). The total concentrations of 

antibiotics and antidepressants in the dark/PAA samples (i.e., exposed to PAA for the same 

duration as the UV/PAA samples but kept in dark) were similar to those in the control samples 

(Table 2.3), suggesting that PAA alone did not achieve appreciable pharmaceutical removal. 

Previous laboratory studies showed that 10-25 mg/L of PAA was able to remove >90% diclofenac 

after 18 h,24 and 62-95% ß-lactam antibiotics after 10 min39 in wastewater. These doses and the 

18-hour contact time, however, are higher than those typically used in wastewater disinfection. 

High removal of ß-lactams at a low contact time speaks to the susceptibility of the electron-rich 

moieties and functional groups present in ß-lactam structures.39 Similarly, nitrogen-containing 

diclofenac is easily oxidized into an aminyl radical, aiding in oxidation.40 Our results suggest that 

at doses relevant to disinfection, PAA itself in the absence of UV does not contribute significantly 

to pharmaceutical removal.  
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Table 2.3. Summed average (± standard deviation) antibiotic and antidepressant concentrations for all 
UV/PAA samples (n=3 for all samples except for 6 mg/L PAA secondary effluent samples). The number in 
front of “UV” signifies UV fluence. For example, 1600 UV = UV irradiation of 1600 mJ/cm2.  

WW Source 
PAA Dose 

(mg/L) 
Sample 
Name 

Reaction 
Time 
(min) 

Total Antibiotics  
(ng/L) 

Total 
Antidepressants 

(ng/L) 

Tertiary 
Effluent 

6 

Control 1.3 1612 ± 302 2681 ± 314 

Dark1600 60 1640 ± 62 2670 ± 268 

1600 UV 60 1025 ± 83 2015 ± 210 

Dark800 30 1672 ± 296 2721 ± 397 

800 UV 30 1494 ± 258 2396 ± 195 

4 

Control 1.3 1465 ± 262 2473 ± 216 

Dark1600 60 1367 ± 276 2734 ± 34 

1600 UV 60 947 ± 51 2099 ± 97 

Dark800 30 1451 ± 212 2397 ± 36 

800 UV 30 1274 ± 328 2038 ± 445 

Secondary 
Effluent 

6 (n=2) 

Control 1.3 2300 ± 2754 1456 ± 1558 

Dark800 30 2106 ± 2475 1207 ± 1202 

800 UV 30 2682 ± 3314 1089 ± 1010 

Dark250 8.7 1985 ± 2292 1304 ± 1366 

250 UV 8.7 2074 ± 2434 1161 ± 1151 

4 

Control 1.3 1932 ± 604 1227 ± 179 

Dark800 30 2014 ± 465 1669 ± 129 

800 UV 30 1999 ± 597 1310 ± 134 

Dark250 8.7 1653 ± 693 1497 ± 140 

250 UV 8.7 1668 ± 712 1514 ± 265 
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Figure 2.8. a) Comparison of total antibiotic or total antidepressant concentrations before and 
after PAA/UV treatment of tertiary effluent. b-c) Comparison of individual pharmaceutical 
concentrations before and after PAA/UV treatment in tertiary effluents organized into therapeutic 
classes. Pharmaceuticals with statistically significant removal (p < 0.05, n=3) by PAA and 1600 
mJ/cm2 UV treatment compared to control are labeled with the average percent removal. 
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The decay of PAA and H2O2 in UV/PAA and dark/PAA samples was monitored (Table 

2.4). PAA and H2O2 decay were similar in most dark/PAA samples of comparable holding time, 

but PAA decay was greater than H2O2 decay in the irradiated samples, consistent with the higher 

molar extinction coefficient of deprotonated PAA (pKa 8.241) and its higher quantum yield at 254 

nm than H2O2.18 These results suggest that PAA contributed more than H2O2 in the formation of 

radicals leading to more effective pharmaceutical degradation.  

Table 2.4. Residual oxidant concentrations in tertiary effluent samples used in UV/PAA study. No 
significant difference is seen in H2O2 concentrations after any treatment.  Where change in concentration 
is not applicable (control), it is marked with ‘—‘. 

PAA 
Treatment 

Conc. (mg/L) 
Treatment 

[PAA] 
(mg/L) 

[H2O2] 
(mg/L) 

ΔPAA 
(mg/L) 

ΔH2O2 
(mg/L) 

6 mg/L 

Control1600 5.50 ± 0.62 8.77 ± 0.67 -- -- 

Dark1600 3.83 ± 0.33 7.21 ± 0.56 1.67 ± 0.70 1.57 ± 0.87 

UV 1600 mJ/cm2 3.34 ± 0.40 7.96 ± 0.62 2.16 ± 0.74 0.82 ± 0.92 

Control800 5.32 ± 0.22 7.57 ± 1.04 -- -- 

Dark800 3.87 ± 1.00 7.27 ± 0.09 1.44 ± 1.02 0.30 ± 1.04 

UV 800 mJ/cm2 3.91 ± 0.48 6.60 ± 0.11 1.41 ± 0.53 0.96 ± 1.04 

4 mg/L 

Control1600 3.18 ± 0.21 5.24 ± 0.23 -- -- 

Dark1600 2.26 ± 0.28 4.22 ± 0.19 0.91 ± 0.35 1.03 ± 0.30 

UV 1600 mJ/cm2 1.43 ± 0.04 4.27 ± 0.39 1.75 ± 0.21 0.97 ± 0.45 

Control800 3.25 ± 0.13 5.21 ± 0.17 -- -- 

Dark800 2.51 ± 0.04 4.38 ± 0.24 0.74 ± 0.14 0.83 ± 0.30 

UV 800 mJ/cm2 1.89 ± 0.52 4.89 ± 0.30 1.36 ± 0.54 0.32 ± 0.34 
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Figure 2.8b-c compares the concentrations of individual pharmaceutical in control and 

UV/PAA treated samples. Table 2.5 shows the results for dark/PAA treated samples. While only 

few pharmaceuticals were removed in dark/PAA samples, a greater number of antidepressants 

were removed with the addition of UV treatment. With 1600 mJ/cm2 UV fluence used to treat 

tertiary effluent wastewater, bupropion, norsertraline, and sertraline were removed with average 

efficiencies ranging from 37% to 47% in samples treated with 4 mg/L PAA, while samples treated 

with 6 mg/L PAA showed removal of bupropion, citalopram and venlafaxine with average 

efficiencies ranging from 21% to 59%. Similar to that observed from treatment train sampling, 

removal by UV/PAA also varied significantly from compound to compound. It is promising, 

however, that significant removal was observed for the recalcitrant compound carbamazepine (24 

± 6% removal), a drug commonly found at higher concentrations in effluent than in influent 

samples due to deconjugation of excreted human metabolites in the activated sludge systems.15, 

29, 42 

Secondary effluent samples were assessed as a worst-case scenario for UV/PAA 

implementation, with applied UV fluences of 250 and 800 mJ/cm2. At 800 mJ/cm2 UV fluence and 

PAA dose (6 or 4 mg/L), UV/PAA treatment removed fewer pharmaceuticals in secondary effluent 

than in tertiary effluent and did not achieve significant overall removal for total antibiotics or 

antidepressants (Figure 2.9a and b-c). This can be attributed to 5 times higher turbidity of 

secondary effluents (25 ± 4 NTU) than that tertiary effluents (5 ± 2 NTU) (Table 2.6). Previous 

research also showed that particulate matter interferes with both UV and oxidant efficiency.24, 43-

45 
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Table 2.5. Compounds with statistically significant removal by different UV/PAA treatments. One-tailed t-

test was performed to compare concentrations in control and treated (UV/PAA or dark/PAA) samples. 

Antidepressants are shown in bold texts. 

Matrix 
PAA 

Concentration 
(mg/L) 

Treatment  
Compounds Removed  

(Removal (%): Mean ± SD)  
(p <0.05, n=3, *n=2) 

Tertiary 
Effluent 

6 

UV 1600 
mJ/cm2 

Bupropion (59 ± 2), Citalopram (30 ± 5), Venlafaxine (21 ± 2), 
Ciprofloxacin (56 ± 19), Sulfamethoxazole (50 ± 15), Trimethoprim 

(16 ± 2) 

Dark1600
a None 

UV 800 
mJ/cm2 

Anhydroerythromycin (23 ± 8) 

Dark800 None 

4 

 UV1600 
mJ/cm2 

Bupropion (47 ± 8), Norsertraline (37 ± 11),  
Sertraline (38 ± 11), Ciprofloxacin (50 ± 13), 

Clarithromycin (18 ± 6), Trimethoprim (21 ± 4),  
Diclofenac (87 ± 21), Carbamazepine (22 ± 2), 

Dark1600 None 

UV 800 
mJ/cm2 

Amitriptyline (38 ± 8), Fluoxetine (58 ± 23),  
Ciprofloxacin (35 ± 7), Carbamazepine (26 ± 5) 

Dark800 Fluoxetine (45 ± 16) 

Secondary 
Effluent 

6 

 UV 800 
mJ/cm2 

Sulfamethoxazoleb (37 ± 18) 

Dark800 Noneb 

UV 250 
mJ/cm2 

Noneb 

Dark250 Noneb 

4 

800 
UV 

Bupropion (13 ± 2), Ciprofloxacin (16 ±2), Diclofenac (69 ± 39), 
Naproxen ( 27 ± 17), Sulfamethoxazole (55 ± 27) 

Dark800 Sulfamethoxazole (21 ± 16) 

UV 250 
mJ/cm2 

Citalopram (13 ± 2), Norsertraline (30 ± 6), Sertraline (22 ± 1), 
Acetylsulfamethoxazole (14 ± 4) 

Dark250 
Citalopram (9 ± 1), Sertraline (23 ± 2), Ciprofloxacin (19 ± 2), 

Sulfamethoxazole (24 ± 15) 
aDark control samples were exposed to PAA in the dark for the same duration as UV irradiation 

for the irradiated samples.  

bn=2 for 6 mg/L secondary effluent samples. 
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Figure 2.9. a) Comparison of total antibiotic or antidepressant concentrations before and after PAA/UV 
treatment of secondary effluent. b-c) Comparison of individual pharmaceutical concentrations before and 
after UV/PAA treatment in secondary effluents organized into therapeutic classes. Pharmaceuticals with 
statistically significant removal (p < 0.05, n=3) by PAA and 800 mJ/cm2 UV treatment are labeled with the 
average percent removal. 
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Table 2.6. UV/PAA sample parameters and corresponding water quality data. ‘NM’ = not measured. 

Sampling 
Date  

WW 
Source  

Turbidity TOC DOC pH  NH3 UV254 
PAA 

Conc. Dark 
Samples 

UV 
Treatment  

(NTU) (mg C/L) (mg C/L) (mg N/L) (cm-1) (mg/L) (mJ/cm2) 

5/16/18 
Sec. 

effluent 
NM  13.220 11.560 7.210 9.839 0.234 6 

Dark250 
Dark800 

250 
800 

5/23/18 
Sec. 

effluent 
25.400 9.700 9.460 7.490 7.072 0.160 4 

Dark250 
Dark800 

250 
800 

6/5/18 
Tert. 

effluent 
3.250 10.500 9.960 7.080 12.400 0.216 6 

Dark800 
Dark1600 

800 
1600 

6/6/18 
Tert. 

effluent 
3.980 10.370 10.010 7.010 13.700 0.167 6 

Dark800 
Dark1600 

800 
1600 

6/7/18 

Tert. 
effluent 

5.767 11.830 11.590 7.360 15.790 0.200 4 
Dark800 800 

Dark1600 1600 

Tert. 
effluent 

3.840 NM  NM NM NM NM 6 
Dark800 
Dark1600 

800 
1600 

 

 

The only other study that reported the potential of UV/PAA advanced oxidation on the removal of 

pharmaceuticals has investigated a smaller set of pharmaceuticals (7 compounds) in simpler 

water matrices (phosphate or borate buffered solutions) compared with our study. This earlier 

study showed greater than 90% removal for naproxen, diclofenac, and carbamazepine, 3 

pharmaceuticals that were also investigated in our study, after 30 min low pressure UV irradiation 

(2.12 × 10-6 Einstein L-1 s-1) in the presence of 1 mg/L PAA. 18 In contrast, the UV reactor in our 

study had 10 times lower intensity (1.48 × 10-7 Eins L-1 s-1). In order to compare the intensity of 

low pressure UV used in the study by Cai et al. and in the current study, the following conversion 

was conducted. The incident light intensity (in Eins L-1 s-1 unit) of our UV reactor was calculated 

using 

𝐼𝜆 =
𝐼𝜆
′ × 𝜋𝐷2 

4𝑉
×
1

𝑈
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where Iλ is the incident light intensity (Eins L-1 s-1), I’λ is the fluence rate (0.48 x 10-3 J cm-2 s-1), D 

is the vessel diameter (9.6 cm), V is the vessel volume (0.5 L), and U is the energy of 1 mole of 

photons at wavelength 254 nm (4.7x105 J Eins-1). Using the pseudo first-order rate constants 

reported for carbamazepine (8.25 × 10-2 min-1) and naproxen (3.07 × 10-1 ),18 and accounting for 

the difference in UV fluence rate (but not the difference in PAA doses), we would expect to see 

70%, 99.5%, and 28% removal of naproxen, diclofenac, and carbamazepine, respectively, in our 

experiments (1600 mJ/cm2). Indeed, we observed 87 ± 21% removal of diclofenac and 24+/-6% 

removal of carbamazepine, but did not observe significant removal of naproxen in tertiary effluent. 

These comparisons suggest that UV/PAA can remove pharmaceuticals in authentic wastewater, 

albeit with lower efficiencies than in simple buffer solutions. The lower and more variable removal 

observed in our study can be attributed to interferences from the presence of particulate and 

dissolved scavenging species in authentic wastewater. It should be noted that the PAA 

commercial product used in this study was a mixture of PAA and H2O2 (molar ratio 1:3.4). Given 

the different hydroxyl radical generation and scavenging rates provided by PAA and H2O2,18 future 

studies should evaluate the effect of PAA/H2O2 mixing ratios on the performance of UV/PAA.  

 

2.4 Conclusions 

In this study, we surveyed the concentrations of pharmaceuticals along a conventional 

activated sludge wastewater treatment system and evaluated the performance of UV/PAA 

advanced oxidation for their removal. Among the 42 target compounds monitored, 21 were 

consistently detected, including 7 antibiotics and 8 antidepressants. From the two weekly 

sampling events, only 4 pharmaceuticals (acetaminophen, caffeine, diclofenac, naproxen, 

clarithromycin) showed consistent, >80% removal in the conventional wastewater treatment train, 

with most removal occurring within the activated sludge tank. This study included a large set of 

antidepressants with a wide variety of selective serotonin reuptake inhibitors and serotonin-
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norepinephrine reuptake inhibitors that are not often included in previous wastewater surveys. 

None of the antidepressants showed consistent removal in both weeks; this inconsistency in the 

pilot-scale study should be further investigated under laboratory-scale controlled conditions to 

better understand this observed behavior of antidepressants in WWTPs. 

The second part of this study was an evaluation of the performance of UV/PAA advanced 

oxidation in removing the 21 pharmaceuticals in authentic wastewater. With 4 or 6 mg/L PAA 

and 1600 mJ/cm2 UV fluence, ~35% and ~20% reduction in the concentrations of total 

antibiotics and total antidepressants was achieved, respectively; four antibiotics (ciprofloxacin, 

clarithromycin, sulfamethoxazole, and trimethoprim) and 5 antidepressants (bupropion, 

citalopram, norsertraline, sertraline, and venlafaxine) were removed by 16-59%. Removal was 

seen using 4 and 6 mg/L PAA and 1600 mJ/cm2 UV fluence for some of the antidepressants 

(bupropion, norsertraline and sertraline) not removed by the conventional wastewater treatment.   
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Chapter 3: The Development of a Comprehensive Analytical Method for the Detection and 

Quantitation of Veterinary Antimicrobials Spanning Several Types of Animal Industry 

3.1 Introduction 

As the number of concentrated animal feeding operations (CAFOs) in the United States 

(U.S.) increase, the usage of antimicrobials for treatment and prevention of illness, and for growth 

promotion has also increased. In 2017, 5.6 million kg of medically important antibiotics were 

marketed for use in food-producing animals, of which 2.3 million kg and 2.0 million kg were 

distributed to cattle and swine livestock, respectively (Figure 3.1)1 The commonly practiced waste 

management of applying manure in the agricultural fields provide a point source for antimicrobial 

pollution.  Antimicrobials can be excreted unmetabolized at rates ranging from 20 to 90% 

depending on the animal species.2 Manure management techniques such as composting has 

shown little to no removal of antimicrobials in several studies.3-5 

 

Figure 3.3. Species-specific estimated sales of medically important antimicrobial drugs approved for use in food-
producing animals in 2017. 
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The extensive use of antimicrobials in the livestock industry may present a large 

contribution to microorganisms developing antimicrobial resistance that can threaten human and 

animal health. Bacteria are capable of acquiring antimicrobial resistance genes (ARGs) through 

horizontal gene transfer (HGT) or spontaneous mutation.6-7 The presence of antimicrobials in 

animal digestive systems may augment the already high occurrences of HGT seen in gut 

microbial populations and low levels of antimicrobials can exert xenobiotic pressure on native 

bacterial populations in the environment.8-11 The presence of ARGs on livestock farms has been 

investigated, and ARGs associated with macrolide-lincosamide and ß-lactam resistance were 

seen in higher abundances on conventional farms than on antibiotic-free farms.12 

Not only are large quantities of veterinary antimicrobials are used, but a wide variety of 

antimicrobial classes are administered in food-producing animals. Of the medically important 

antimicrobials used in 2017, 64% were tetracyclines, 8% were macrolides, and 5% were 

sulfonamides.1 Of the 5.4 million kg of non-medically important antimicrobials sold for use in food-

producing livestock, 82% were ionophores. Tetracyclines, sulfonamides, and ionophores have 

shown to persist in soils and manure.13-15 Additionally, tiamulin, a pleuromutilin drug, is frequently 

administered to combat swine dysentery and is active against gram-positive bacteria.16 In order 

to better understand the impact of antimicrobials on the environment, it is important that sensitive 

and comprehensive detection methods are achieved. Previous in-house methods in the Aga 

Laboratory for veterinary antibiotic extraction using solid phase extraction (SPE) and detection 

using liquid chromatography tandem mass spectrometry (LC-MS/MS) have been validated for 

dairy manure samples, but have not included the analysis of tiamulin.17-19 The current SPE and 

LC-MS/MS methods used in the Aga laboratory are summarized in Table 3.1.  The sulfonamide, 

tetracycline and macrolide method was initially developed for the detection of antimicrobials in 

dairy manure, and therefore focused on antimicrobials frequently prescribed in the dairy industry.  

The ionophore method was developed subsequently for the monitoring of ionophores in various 
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manure treatment methods at beef cattle facilities in a separate study.  Tiamulin, a frequently 

used antimicrobial in the swine industry, is of interest as the swine industry comprises a large 

portion of animal husbandry in the U.S. 

The goals of this study were to: (1) develop a combined analytical method for tiamulin and 

at least two of the veterinary antimicrobial classes listed in Table 3.1, and (2) investigate extraction 

recoveries for current and modified in-house SPE extraction methods. A single LC-MS/MS 

method for all analytes was investigated first, and the recoveries of ionophores and tiamulin using 

current SPE extraction parameters for the sulfonamides, tetracyclines, and macrolides were 

assessed. Additionally, an LC-MS/MS method for the analysis of macrolides, tiamulin, and 

ionophores was developed, and the addition of macrolides and tiamulin to the ionophore SPE 

extraction was evaluated. 

Table 3.1. Summary of current in-house solid manure extraction and LC-MS/MS methods and their corresponding 
analytical columns and mobile phases. 

a Wallace, J. S.; Aga, D. S., Enhancing Extraction and Detection of Veterinary Antibiotics in Solid and Liquid 

Fractions of Manure. Journal of Environmental Quality 2016, 45 (2), 471-479. 
b Hurst, J. J.; Wallace, J. S.; Aga, D. S., Method development for the analysis of ionophore antimicrobials in dairy 

manure to assess removal within a membrane-based treatment system. Chemosphere 2018, 197, 271-279. 
 

Extraction Method Analysis 
Analytical 

column 
Mobile phases 

Gradient 

or 

Isocratic 

Sulfas, Macrolides, and Tetsa 

Sulfas, 

Tets 
Beta-basic C18 

A: 96:4 H2O/MeOH + 

5 mM NH4OH 

B: 80:10:10 

ACN/MeOH/H2O + 

5 mM NH4OH 

Gradient 

Extraction solvent: 70:20:10 

ACN/MeOH/McIlvane Buffer + 0.1 M 

EDTA 

 

SPE: Tandem Amino/HLB cartridges 

eluted with MeOH 
Macrolides Beta-basic C18 

A: 0.3% aqueous FA 

B: 0.3% FA in ACN 
Gradient 

Ionophoresb 

Cortecs C18+ 

70:20:10 

ACN/MeOH/H2O + 

5 mM ammonium 

acetate 

Isocratic 
Extraction solvent: MeOH 

SPE: HLB cartridges eluted with 50:50 

EtOAc/MeOH 
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3.2 Materials and Methods 

3.2.1 Chemicals 

 The listed standards were purchased from Sigma Aldrich (St. Louis, MO): azithromycin 

(AZI), clarithromycin (CLA), demeclocycline (surrogate compound), erythromycin (ERY), 

lasacolid (LAS), maduramycin (MAD), minocycline (internal standard), monensin (MON), narasin 

(NAR), nigericin (surrogate compound), nonactin (NON), oxytetracycline (OTC), roxithromycin 

(ROX), sulfachlorpyrazidine (SCP), sulfadiazine, (SDZ), sulfadimethoxine, (SDM), Sulfamerazine 

(SMR), sulfameter (SMT), sulfamethazine (SMZ), sulfamethiozole (SMI), sulfamethoxazole 

(SMX), tetracycline (TC), tiamulin fumarate (TIA), tilmicosin (TIL), and Tylosin (TYL). 4-

epichlortetracycline (ETC), anhydrochlortetracycline (ACTC), anhydrotetracycline (ATC), and 

chlortetracycline (CTC) were purchased from Acros Organics (Thermo Fisher Scientific, Waltham, 

MA). Salinomycin sodium salt (SAL), spiramycin (SPI), and sulfathiazole (STZ) were purchased 

from MP Biomedicals (Santa Ana, CA). Isotopically labeled compounds of 13C6-sulfamethazine, 

13C,D3-erythromycin, D10-carbamazepine (internal standard), and D4-sulfamethoxazole were 

purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA). D10-tiamulin was 

purchased from Toronto Research Chemicals (Toronto, ON, Canada). 
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Table 3.22. Target antimicrobials, their estimated octanol-water partition coefficients (Kow) and their dissociation 
constants (pKa). 

Compounds Log Kow
a pKa

b 

Sulfonamides   

 Sulfachloropyridazine 0.31 6.1 

 Sulfadimethoxine 1.63 6.91 

 Sulfamethizole 0.54 6.71 

 Sulfamerazine 0.14 6.99 

 Sulfameter 0.41 7.06 

 Sulfamethoxazole 0.89 6.16 

 Sulfamethazine 0.89 6.99 

 Sulfadiazine -0.09 6.36 

 Sulfathiazole 0.05 6.93 

Ionophores   

 Lasalocid 6.55 5.8 

 Maduramycin 3.9 4.01 

 Monensin 5.42 7.95 

 Narasin 6.2 4.5 

 Salinomycin 5.7 4.5 

Tetracyclines   

 Anhydrochlortetracycline -- 3.28, 5.37 

 Anhydrotetracycline 0.46 3.48, 5.87, 8.86 

 Chlortetracycline 0.46 3.30, 7.44, 9.27 

 Epichlortetracycline -- 3.65, 7.65, 9.2 

 Epitetracycline -- 4.8, 8.0, 9.3 

 Oxytetracycline -0.9 3.27, 7.32, 9.11 

 Tetracycline -1.3 3.30, 7.68, 9.69 

Macrolides   

 Azithromycin 3.24 8.74, 9.45 

 Clarithromycin 3.16 8.99 

 Erythromycin 2.48 8.6 

 Roxithromycin 2.75 9.2 

 Spiramycin (II,III) 2.03, 2.52 7.9 

 Tilmicosin 4.13 8.18, 9.56 

 Tylosin 1.05 7.73 

Pleuromutilin   

 Tiamulin 4.75 9.51 
aEPA, U., Estimation Programs Interface SuiteTM for Microsoft (EPI Suite). 2018. 
bChemAxon., Cheminformatics Solutions. 2018. 

 

 Ammonium formate, ammonium hydroxide, glacial acetic acid, oxalic acid, phosphoric 

acid, and sodium hydroxide were of ACS grade and obtained from J.T. Baker Chemical Co. 

(Phillipsburg, NJ). Disodium ethylenediamine tetraacetic acid (EDTA), formic acid (FA) (88%), 
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and HPLC-grade ethyl acetate (EtOAc) were obtained from Fisher Chemical (Pittsburgh, PA). 

Citric acid and anhydrous dibasic sodium phosphate (Na2HPO4) were obtained from Sigma 

Aldrich. A Barnstead NANOpure™ Diamond (Waltham, MA) purification system was used to 

obtain 18.2 MΩ water used throughout all experiments. LC-MS grade methanol (MeOH) and 

acetonitrile (ACN) (Omnisolv™) were purchased from EMD Millipore Corporation (Billerica, MA). 

Oasis HLB® SPE cartridges (500mg, 6cc) were obtained from Waters Corp. (Milford, MA) and 

aminopropyl (NH2) cartridges (500mg, 6cc) were obtained from Phenomenex Inc. (Torrance, CA). 

Three chromatographic columns were tested: CortecsTM C18+ analytical column (Waters Corp.), 

a BetaBasicTM C18 column (Thermo Fisher Scientific, Waltham, MA), and a HypersilTM C18 

column (Thermo Fisher Scientific). 

3.2.2 Analytical method development 

 The fragmentor voltages and collision energies were tuned for tiamulin and D10-tiamulin 

to achieve optimum signal, and the parameters for all other analytes were used from the 

previously established methods, except for lasalocid which showed an optimal signal when 

monitoring for its sodium adduct rather than its previously optimized potassium adduct (Table 

3.2). All LC-MS/MS detection was done utilizing multiple reaction monitoring (MRM) mode with 

positive electrospray ionization (+ESI). 

The addition of tiamulin, macrolides, and ionophores to the sulfonamide and tetracycline 

LC-MS/MS method listed in Table 3.1 was assessed. This was done by modifying the established 

gradient18 to include a longer hold at 100% organic (15 min). The separation was achieved using 

a BetaBasicTM C18 column (2.1 × 10 mm, 3 µm particle size) fitted with a 10 × 2.1, 3 µm 

BetaBasicTM guard cartridge. The mobile phases are listed in Table 3.1 and the gradient was as 

follows: 100% A from 0-2 min, a ramp to 5% B from 2-6 min, 15% from 6-8 min, 25% B from 8-11 

min, 100% B from 11-19 min and held at 100% B until 35 min. The column was then equilibrated 

at 100% A for 10 min for a total run time of 45 min with a flowrate of 0.2 mL/min. The electrospray 
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settings were as follows: spray voltage: 4 kV, drying gas temperature: 350 °C, nebulizer pressure 

(N2): 22 psi, and drying gas (N2) flow: 11 L/min. Additionally, analysis was evaluated using a 

previously established method for the analysis of pharmaceuticals in wastewater.20 This method 

utilizes a Waters Cortecs™ C18+ column (2.1 × 150 mm, 2.7 µm particle size) fitted with a 5 × 

2.1 mm, 2.7 µm Cortecs™ guard cartridge and mobile phases of 0.3% FA in water and 75:25 

MeOH/ACN in a gradient separation. 

Method development for the combined analysis of macrolides, tiamulin, and ionophores 

was first tried with a Waters Cortecs™ C18+ column (2.1 × 150 mm, 2.7 µm particle size) fitted 

with a 5 × 2.1 mm, 2.7 µm Cortecs™ guard cartridge. Mobile phases of 0.3% FA in water and 

75:25 or 50:50 MeOH/ACN were tried, as well ACN, and 5 mM ammonium formate in water and 

5 mM ammonium formate in 75:25 ACN/MeOH. Several gradients ranging from 90% aqueous to 

100% organic were tested using the MS parameters listed above. 

The final analytical separation for macrolides, tiamulin, and ionophores was achieved 

using a HypersilGOLDTM C18 column (2.1 × 100 mm, 3 µm particle size) fitted with a 10 × 2.1 

mm, 3 µm HypersilGOLDTM guard cartridge and 0.1% FA in water (mobile phase A) and 0.1% FA 

in ACN (mobile phase B). The final gradient is as follows: 25% B from 0-0.5 min, a ramp to 90% 

B from 0.5-2 min, a ramp to 100% B from 2-7 min which is held from 7-15 min, back to 25% B 

from 15-15.5 min, and an equilibration time at 25% B from 15.5-25 min. The same MS parameters 

listed above were used for this method and the acquisition parameters are listed in Table 3.3. 

MRM transitions are shown in Figure 2. 
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Table 3.3. Retention time, MRM transitions for the target analytes, and the ratio of the intensity of the quantifying ion 
(Quant) to the qualifying ion (Qual). CE = collision energy (eV). 

Compounds Retention 
Time (min) 

Precursor 
Ion (m/z) 

Fragmentor 
Voltage (V) 

Quantifying 
Ion (CE) 

Qualifying 
Ion (CE) 

Quant/Qual 
Ratio 

Macrolides       

 AZI [M+2H]2+ 2.43 375.4 121 591.4 (20) 174.1 (10) 56.9 

 CLA 7.14 748.5 196 158.1 (25) 590.5 (14) 18.1 

 ERY 7.07 716.5 164 158.1 (29) 558.5 (9) 58.4 

 ROX 7.19 837.6 215 158.1 (34) 679.4 (19) 33.0 

 SPI2 [M+2H]2+ 2.9 443.2 125 174.1 (18) 582.3 (9) 10.8 

 SPI3 [M+2H]2+ 4.42 450.3 125 174.1 (19) 596.5 (10) 11.6 

 TIL [M+2H]2+ 4.89 435.4 114 174.1 (22) 695.4 (13) 74.0 

 TYL 6.92 916.5 295 174.1 (39) 772.2 (29) 5.3 

Ionophores       

 LAS [M+Na+]+ 10.52 613.5 230 377.1 (40) 577.4 (30) 10.1 

 MAD [M+Na+]+ 12.67 939.0 220 877.0 (24) 719.0 (53) 17.1 

 MON [M+Na+]+ 11.78 693.0 260 461.0 (55) 501.0 (58) 19.7 

 NAR [M+Na+]+ 12.1 787.0 270 431.0 (62) 531.0 (50) 33.4 

 SAL [M+Na+]+ 11.33 773.0 260 431.0 (55) 53.01 (45) 28.9 

Pleuromutilin       

 TIA 7.15 494.7 60 192.0 (15) 119.0 (45) 86.8 

Surrogate STDs       

 13C-ERY 7.07 717.5 166 159.1 (39) 559.4 (29) 63.1 

 NIG [M+NH4
+]+ 13.63 742.0 190 657.0 (26) 461.0 (30) 41.4 

 D10-TIA 7.15 504.5 60 202.2 (15) 119.0 (40) 58.2 

Internal STD       

 NON [M+NH4
+]+ 11.55 754.0 190 185.0 (35) 369.0 (31) 27.2 
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Figure 3.2 (a-c). Multiple reaction monitoring (MRM) chromatograms of the analytes in the optimized 
method.  
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3.2.3 Extraction method evaluation 

 Ionophore recovery in the tandem NH2-HLB cartridge SPE method use for the extraction 

of sulfonamides and tetracyclines was assessed by spiking 300 mL NANOpure water blanks with 

a standard mix (100 ppb final concentration) and adding 15 mL of the extraction buffer listed in 

Table 3.1 in order to mimic the sample extraction process. Cartridges were conditioned as 

described in the method18 and loaded with the spiked water blanks at a rate of ~4 mL/min. 

Cartridges were dried under vacuum and the HLB cartridges were eluted with 10 mL MeOH into 

15-mL centrifuge tubes, evaporated under N2 to 200 µL, and reconstituted to 1 mL with 95:5 

H2O/MeOH with 0.1% acetic acid (the starting mobile phase for the established sulfa/tetracycline 

method) for analysis. In order to evaluate if ionophore retention was occurring in the NH2 

cartridges, they were eluted with 10 mL 50:50 EtOAc/MeOH into 15-mL centrifuge tubes, 

evaporated to dryness under N2, and reconstituted in 500 µL 95:5 H2O/MeOH with 0.1% acetic 

acid for analysis. 

  The combination of macrolides, tiamulin and ionophores in the previously 

established ionophore extraction method17 was also investigated. SPE recoveries were evaluated 

by spiking 250-mL NANOpure water blanks with macrolides, tiamulin, and ionophores (20 and 

200 ppb final concentrations) and 15 mL of MeOH. HLB cartridges were conditioned with 5 mL 

MeOH and 5 mL NANOpure water before loading the samples at a rate of ~4 mL/min. Cartridges 

were dried under vacuum, eluted with 10 mL 50:50 or 30:70 EtOAc/MeOH for both concentration 

levels, and evaporated to dryness under N2. Samples were reconstituted in 500 µL 75/25 

H2O/ACN with 0.1% FA, and 200-µL aliquots were spiked with internal standard before analysis 

with the method developed in this study. An additional recovery study was done with 10 and 100 

ppb final concentrations and sequential reconstitution to 1 mL: first with 250 µL ACN to enhance 
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analyte resuspension, and then 750 µL 0.1% FA in water was added to achieve the appropriate 

starting mobile phase. 

3.3 Results and Discussion 

3.3.1 Analytical method development 

 Initially, the goal was to have all antimicrobial classes separated in one LC/MS/MS method 

by incorporating a longer 100% organic mobile phase isocratic elution in the previously 

established sulfa/tetracycline gradient method. This method utilizes wrong-way-round ionization, 

an ionization technique that generates positive ions through the use of a basic mobile phase. The 

reason that macrolides were not included in the initial separation is that they have comparatively 

poor response under wrong-way-round ionization18, but the inclusion was tested to see if a single 

separation method was possible. After the addition of macrolides, ionophores, and tiamulin to the 

method, the sensitivity and separation of the sulfonamides and tetracyclines were severely 

affected: all of the early-eluting sulfonamides co-eluted in the void volume of the column, and the 

response of the tetracyclines was severely inhibited (Figure 3.3).  
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Figure 3.3. a) Chromatogram of the original sulfonamide/tetracycline LC method and b) co-elution of 
sulfonamides and reduction in tetracycline response after the addition of macrolides, ionophores, and 
tiamulin. 

 

Additionally, the peak shapes of many tetracyclines, macrolides, and ionophores were distorted 

and unsymmetrical (Figure 3.4). In addition, the elution of ionophores from the column required a 

long length of time even at 100% acetonitrile. Peak widths of many ionophores were unacceptably 

wide, indicative of strong interactions with the stationary phase (Figure 3.4 c).  
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Figure 3.4. Poor peak resolution and shape as a result of adding macrolides, ionophores, and tiamulin to 
the sulfa/tetracycline chromatography method of a) anyhdrotetracycline (ATC), b) spiramycin II (SPI II) and 
c) nonactin (NON). 

 

 A CortecsTM C18+ column was used with an analytical method developed for the analysis 

of pharmaceuticals in wastewater by Singh et al.21 to evaluate the ability to monitor all 

antimicrobial classes with one LC-MS/MS injection. With this method, the peak shape of many 

sulfonamides and tetracyclines were unsatisfactory (wide peak width, jagged), and loss of analyte 

response was exhibited. Figure 3.5 exhibits the poor peak shapes seen for SMR, ETC and TC, 

and Figure 3.6 compares the peak shape and signal-to-noise (S/N) of ETC and TC in the acidic 

conditions of this method and the basic “wrong-way round” ionization technique used in the 

validated sulfa/tetracycline method. Additionally, NON, the internal standard for the ionophore 

antimicrobial class, was not detected using this method. 
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Figure 3.5. Peak shapes of a) ETC (7.8 min) and TC (12.2 min) and b) SMR in a previously established 
method for detection of pharmaceuticals in wastewater. 

 

 

 

Figure 3.6. Comparatively poor signal and peak shape of ETC and TC in a) acidic ionization using the 
method established for detection of pharmaceuticals in wastewater when compared to b) “wrong-way 
round” ionization used in the established sulfa/tetracycline detection method.  

 

 The two attempts for simultaneous analysis of all five antimicrobial classes did not allow 

for optimal separation and response of most analytes. A combined method is also likely to have 
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an increase in overall run time to account for the wide range of hydrophobicities; this is not ideal 

for analytes such as the tetracyclines that exhibit low stability and relatively rapid degradation 

once extracted from environmental or food-stuff matrices.21-22 Since the separation of both 

tetracyclines and sulfonamides were compromised, it was decided to keep the existing method 

published by Wallace et al18 for these compounds.  Further development was limited to the 

separation of macrolides, ionophores, and tiamulin. The CortecsTM C18+ column was found to be 

the best stationary phase in the established ionophore separation method, so further optimization 

steps were taken using this column and a variety of mobile phase combinations (Table 3.4). 

Table 3.4. Mobile phases tested in combination with the CortecsTM C18+ column for detection of macrolides, 
ionophores and tiamulin. Mobile phases tested were adaptations of mobile phases used in the previously 
established pharmaceutical method and ionophore analysis method. 

Mobile Phase A Mobile Phase B 

0.3% FA (aqueous) 75:25 MeOH/ACN 

0.3% FA (aqueous) 50:50 MeOH/ACN 

0.3% FA (aqueous) ACN 

5 mM Ammonium Formate (aq) 75:25 ACN/MeOH 

 

The best separation achieved in the CortecsTM C18+ column was found using aqueous formic 

acid and acetonitrile. The highly hydrophobic ionophores required an extended 100% organic 

isocratic segment, resulting into a big retention time gap (~8 min) between the later-eluting 

macrolides (which also eluted in 100% organic) and the ionophores (Figure 3.7). 
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Figure 3.7. Total ion chromatogram of an optimized separation of macrolides, ionophores and tiamulin using 
the Cortecs C18+ column and formic acid/acetonitrile mobile phases. 

 

In addition to several poor peak shapes and the large gap between the ionophores and 

macrolides, the internal standard NON was still not detectable in this method. 

 The method was further optimized using a different stationary phase technology: a 

HypersilGOLDTM C18 column and mobile phase using 0.1% FA and ACN. The FA concentration 

was reduced from 0.3% to 0.1% and added to both the aqueous mobile phase and the ACN in 

order to improve the ionization efficiency of the many compounds that elute in the 100% organic 

segment of the method. The method length was reduced from 40 to 25 min (Figure 3.8 a-b), and 

several peak shapes were greatly improved, including NON, which was not detectable when using 

the CortecsTM C18+ stationary phase (Figure 3.8 c). The addition of FA to the organic mobile 

phase did indeed improve ionization efficiencies, thus increasing the sensitivity of the method.  
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Figure 3.8. a) Total ion chromatogram of the optimized separation of macrolides, ionophores, and tiamulin 
of a 100 ppb standard mix and b) the gradient and accompanying separation and detection parameters. c) 
Comparison of peak shape and abundance of 100 ppb standard mix using the HypersilGOLDTM C18 and 
CortectsTM C18+ stationary phases. 

 

 

 

   

3.3.2 Extraction method 

 The extraction of ionophores using the previously established sulfa/tetracycline/macrolide 

extraction method was evaluated. The method utilizes tandem NH2-HLB cartridge SPE, and 

normally the NH2 cartridges are disposed of, as they are intended to remove polar matrix 

components from the manure extracts. Though ionophores are highly hydrophobic, they possess 

several polar functional groups, so there is potential for ionophores to bind to the stationary phase 
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in the NH2 cartridges. After passing water blanks spiked with ionophore standards and 15 mL of 

the extraction buffer, the NH2 cartridges were dried and eluted using 50:50 MeOH/EtOAc, the 

eluent from the previously established ionophore extraction method. Pure MeOH elution was not 

tested, as this would co-extract too many matrix interferences in manure samples and is therefore 

not applicable to the recovery study. The overall recoveries of the ionophores were very low, 

ranging from 0-31% (Figure 3.9).  

 

 

Figure 3.9. Recoveries of ionophores after SPE of spiked water blanks/extraction buffer. 

 

Barring MON and MAD, ionophores were not detected in the eluate from the HLB cartridges, and 

LAS was not detected in either HLB or NH2 cartridge eluates. Ionophores function by binding to 

metal cations in order to penetrate the lipid bilayer of cell membranes.23 The oxygen atoms in the 

polyether ionophores used in veterinary medicine form a cage around a metal cation, creating a 

highly hydrophobic complex that is easily soluble in lipophilic environments. In order for these 

cages to form, the ionophores typically require deprotonation; since the 

sulfa/tetracycline/macrolide extraction buffer is adjusted to pH 4, the ionophores are all protonated 
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(See pKa values in Table 3.2), potentially interfering with their interactions with the stationary 

phase. Additionally, studies have shown that ionophores can complex with amines,24 which may 

be causing strong binding of the ionophores to the NH2 cartridge’s stationary phase. The use of 

EDTA in the extraction buffer is critical for preventing the binding of tetracyclines to metals, as 

they contain several sites for cation complexing. This addition of a chelating agent may be 

hindering the ionophores from binding to metals, resulting in the promotion of strong binding 

interactions with the NH2 cartridges. 

 Extraction optimization was also investigated by including macrolides and tiamulin in an 

SPE method with ionophores—though the simultaneous extraction of sulfonamides, tetracyclines, 

and macrolides has been validated, it still requires the use of two LC-MS/MS methods.18 The 

addition of macrolides and tiamulin to the previously established ionophore extraction method 

was evaluated, as macrolides and tiamulin have similar hydrophobic properties as the ionophores, 

as seen by their octanol-water partition coefficients (Kow) (Table 3.2). The recoveries of 

macrolides, ionophores and tiamulin were first evaluated at 20 and 200 ppb final concentrations 

with reconstitution in 500 µL of starting mobile phase (75:25 H2O/ACN with 0.1% FA). Most 

analytes had poor recoveries, with only MAD, MON and SAL having >60% recovery (Table 3.5). 
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Table 3.5. Extraction recoveries of macrolides, ionophores and tiamulin after SPE using HLB cartridges 
and two compositions of MeOH/EtOAc for the extraction of ionophores. Eluate was evaporated to dryness 
and reconstituted in the starting mobile phase. 

  Percent Recovery (%) 

Concentration (ppb) 20 200 

Eluent 
50/50 

MeOH/EtOAc 
75/25 

MeOH/EtOAc 
50/50 

MeOH/EtOAc 
75/25 

MeOH/EtOAc 

AZI 27.68 15.45 34.41 21.00 

SPI2 8.16 5.62 18.84 13.78 

SPI3 20.25 12.89 20.22 16.69 

TIL 29.36 17.91 36.71 20.86 

TYL 14.68 16.88 16.14 25.00 

ERY 23.64 16.71 39.79 33.84 

CLA 34.01 25.81 37.38 30.81 

TIA 1.92 0.31 9.30 3.48 

ROX 26.18 20.75 31.37 26.46 

LAS 2.53 8.54 14.48 43.11 

SAL 41.17 38.75 73.79 56.05 

NON 141.74 141.74 83.33 83.33 

MON 4.93 4.48 91.57 92.68 

NAR 20.60 18.38 52.50 36.40 

MAD 20.72 15.35 131.63 118.46 

NIG 18.20 14.69 26.78 15.98 

 

 

The difference between the previously established SPE extraction method for ionophores and this 

recovery study was only the starting mobile phase and, therefore, the reconstituting mobile phase. 

The previous method was validated utilizing a 70:20:10 MeOH/ACN/5 mM ammonium formate 

mobile phase, which is a much larger fraction of organic solvent for the relatively hydrophobic 

ionophores. To assess whether the poor recoveries were a result of the reconstituting mobile 

phase, 2 aliquots of a standard mix (stored at -40 °C in MeOH) were evaporated to dryness under 

N2 in glass autosampler vials and reconstituted in either 75:25 H2O/ACN + 0.1% FA or 30:70 

H2O/ACN + 0.1% FA to a final concentration of 200 ppb and compared to a standard made directly 

from the MeOH stock in 75:25 H2O/ACN + 0.1% FA. Not only did the 70% ACN caused co-elution 

of the early-eluting analytes, but the response of the macrolides and tiamulin were comparatively 
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poorer than those reconstituted in the starting mobile phase. The ionophores showed improved 

response when reconstituted in 70% ACN, but both reconstitutions were appreciably lower than 

the 200 ppb standard, suggesting that complete evaporation is a significant source of loss in the 

extraction process (Figure 3.10). 

 

Figure 3.10. Comparison of analyte response in a 200 ppb standard mix after evaporation and reconstitution 
to 200 ppb in 75:25 FA/ACN and 30:70 FA/ACN. 

 

 This recovery study was repeated using a reconstitution volume of 1 mL rather than 500 

µL to increase the total volume of organic solvent used. Additionally, the organic and aqueous 

fractions were added sequentially (i.e. 250 µL of ACN was first added and vortexed to promote 

the dissolution of the analytes, and the remaining 750 µL of H2O and 0.1% FA was added and 

the mixture was vortexed again). The doubling of the reconstitution volume reduced the final 

concentrations to 10 and 100 ppb and the recoveries can be seen in Table 3.6. Overall, the 

recoveries were not improved, with all recoveries being <60% except for MON. This is likely 

caused by irreversible sorption of the analytes to the polypropylene centrifuge tubes used for 

capturing the cartridge eluate. The use of glass centrifuge tubes was not tested for comparison. 
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Table 3.6. Recoveries of macrolides, ionophores and tiamulin after sequential reconstitution in ACN and 
FA to a final volume of 1 mL and composition of 75:25 FA/ACN. 

  Percent Recovery (%) 

Concentration (ppb) 10 100 

Eluent 
50/50 

MeOH/EtOAc 
75/25 

MeOH/EtOAc 
50/50 

MeOH/EtOAc 
75/25 

MeOH/EtOAc 

AZI 3.63 13.19 6.51 9.46 

SPI2 3.07 6.88 5.32 14.86 

SPI3 1.61 6.44 6.21 13.48 

TIL 1.64 18.66 7.86 13.08 

TYL 6.42 18.35 9.00 18.91 

ERY 6.61 18.56 7.22 11.49 

CLA 3.16 11.82 8.52 11.95 

TIA 2.92 0.17 0.06 0.05 

ROX 2.84 10.86 6.64 9.80 

LAS 14.69 13.73 14.54 53.11 

SAL 33.18 41.02 41.48 54.29 

MON 48.45 65.45 68.90 96.02 

NAR 20.48 22.90 34.16 58.61 

MAD 23.83 24.79 14.24 31.94 

NIG 13.18 10.77 23.20 47.36 

 

 Consistent, higher recoveries were seen in all HLB cartridges eluted with 75% 

MeOH. This is in agreement with the greater ionophore solubility in MeOH seen by Hurst et al.17 

and sufficient extraction of macrolides from HLB cartridges using MeOH seen by Wallace et al.;18 

however, the presence of 50% EtOAc is meant to prevent the elution of co-extracted matrix 

components, and eluting HLB cartridges from manure extractions with a higher fraction of MeOH 

may provide insufficient sample cleanup prior to LC-MS/MS analysis. An established extraction 

method for a set of macrolides, ionophores and tiamulin from Schlüsener et al.28 involves an 

extensive solid-liquid extraction, requiring 15 g of manure, 5 g of urea, 12 mL of buffer and EDTA 

solution, and 80 mL of ethyl acetate all prior to an SPE clean-up step. This solid-liquid extraction 

is inefficient and uses a large quantity of reagents and sample; however, their SPE clean up step 

utilizes a cartridge with silica-bonded diols, a stationary phase chemistry that should be 

investigated and optimized with our solid-liquid extraction parameters. 
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3.4 Conclusions and future work 

Multiresidue analysis of environmental samples via LC-MS/MS is a popular technique for 

sensitive and efficient analyses of organic pollutants.15, 22-23, 26-27 The ability to detect macrolides, 

ionophores and tiamulin in one method would be ideal as this would reduce the number of 

injections for the screening of 5 veterinary antimicrobial classes. Previous focus has been on 

either dairy cattle or poultry only, so previously established methods were not intended for the 

analysis of other manure matrices, such as from swine. Tiamulin is an antimicrobial drug used 

extensively in the swine industry, primarily for the prevention of dysentery.16  

The research objectives of this study were to establish an LC-MS/MS method for 

multiclass antimicrobial detection, and to develop an accompanying SPE extraction method.  A 

separation method for macrolides, ionophores and tiamulin was optimized, but an optimal SPE 

clean-up and concentration method for macrolides, ionophores and tiamulin has yet to be 

established. Recoveries of most analytes using the HLB cartridges and eluents of either 50/50 or 

75/25 MeOH/EtOAc were very poor, and it was seen that significant loss of analytes is incurred 

when evaporating to dryness. Further studies need to be done to evaluate the solubility of 

macrolides, ionophores and tiamulin in other eluents or reconstitution solvents. It should be 

assessed if the addition of MeOH to the reconstituting mobile phase will increase recoveries. 

Studies have been performed to determine the solubility of macrolides in solvents such as super 

critical carbon dioxide (scCO2) or dimethylsulfoxide (DMSO),29-30 but solubility data for solvents 

such as MeOH and ACN are limited. 
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Chapter 4: Concluding Remarks 

4.1 Summary 

 Pharmaceuticals and personal care products (PPCPs) are considered to be environmental 

contaminants of emerging concern. Their ubiquitous presence in the environment is a 

consequence of waste discharge from industrial waste sources, as well as waste from human 

communities (hospital effluents, wastewater discharge), and livestock industries including 

aquaculture.1-4 Analysis by LC-MS/MS provides a means for sensitive and comprehensive 

detection of PPCPs in the environment, and is frequently used for multiresidue analysis in 

environmental matrices.5-9 

 An assessment of a conventional wastewater treatment plant utilizing biological treatment 

with activated sludge showed limited PPCP removal, and no removal trends between sampling 

events were seen. Consistently high removal (> 80%) was seen for 4 of the 21 consistently 

detected compounds (caffeine, acetaminophen, ciprofloxacin, and sulfamethoxazole), as seen in 

previous studies regarding activated sludge removal of PPCPs.10-11 Much of the removal seen in 

conventional treatment is attributable to degradation (and some sorption) by activated sludge, 

but, overall, conventional activated sludge treatment systems are not ideal for the removal of 

pharmaceuticals from municipal wastewater. 

 The removal of PPCPs after treatment with ultra-violet and peracetic acid (UV/PAA) was 

achieved using 4 or 6 mg/L PAA and a UV fluence of 1600 mJ/cm2. With these treatment 

parameters, the total concentrations of the therapeutic classes of antibiotics and antidepressants 

were reduced by ~35% and ~20%, respectively. Additionally, some pharmaceuticals that were 

persistent in conventional treatment (bupropion and carbamazepine) were removed by UV/PAA. 

 An analytical method for the quantification of macrolides, ionophores and the pleuromutilin 

drug tiamulin was developed, as these are antimicrobials extensively sold for use in livestock 

industries.12-13 The separation parameters were optimized, including the choice of the LC column 
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stationary phase, mobile phases, and separation gradient profile. Studies investigating the 

addition of these 3 veterinary antimicrobial classes to a previously established method for the 

quantification of sulfonamide and tetracycline antimicrobials showed significant compromise to 

the efficiency of the method and was not pursued further. 

 The combined extraction of 5 antimicrobial classes (sulfonamides, tetracyclines, 

macrolides, ionophores, and tiamulin) using a previously stablished SPE method was pursued. 

The poor recoveries of ionophores (< 31%) were attributed to strong binding of the ionophores to 

the stationary phase in the amino (NH2) cartridges, exacerbated by the use of ethylenediamine 

tetraacetic acid (EDTA) in the extraction buffer to chelate metal ions.14 The hydrophobic 

characteristics of ionophores may be compromised when unable to complex with a metal cation, 

as their hydrophobic nature is established after forming “cages” around metal ions. The combined 

extraction of macrolides, ionophores and tiamulin was investigated using HLB cartridges and 

eluents of either 50/50 or 75/25 MeOH/EtOAc. Poor recoveries (below 50%) were seen for most 

analytes and complete evaporation after the SPE cleanup step and prior to reconstitution was 

found to be a significant source of analyte loss. 

4.2 Future work 

PAA has shown great promise in wastewater disinfection process because it produces 

little to no disinfection byproducts, and can be easily retrofitted into systems in food, medical, and 

textile industries.15 Additionally, PAA has a higher oxidant potential than hydrogen peroxide 

(H2O2) (1.96 vs 1.78 eV),16 lending to its potential for use in a UV-based advanced oxidation 

procedure (AOP) for PPCP degradation. The UV/PAA studies done in chapter 2 showed that 

PPCP degradation is achievable using an industrially relevant UV fluence (1600 mJ/cm2), but 

further optimization of UV/PAA treatment parameters are needed in order to achieve consistent 

and high removal of PPCPs from wastewater effluents. 
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In chapter 3, an LC-MS/MS method for quantification of macrolides, ionophores and 

tiamulin was developed. However, an efficient extraction method for the aforementioned antibiotic 

classes is yet to be developed. The similarities in Kow values for the 3 veterinary antimicrobial 

classes suggest that simultaneous extraction from environmental matrices can be potentially 

achieved. The HLB stationary phase used for SPE cleanup was the primary cartridge investigated 

in this work, and future work will include the assessment of other SPE cartridge stationary phases, 

including diol cartridges. Additionally, solubility data for these analytes is limited, so solubility 

studies will be performed in order to optimize the loading and elution of the 3 antimicrobial classes 

from SPE cartridges.  
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