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1. Introduction 

Antibiotic resistance has become an emerging threat to public health because pharmaceuticals 

currently in use have become less effective in treating infections caused by pathogenic bacteria. 

In 2014, there was a $20 billion increase in the cost of healthcare targeted at treating bacterial 

infections and an eight-day increase in the duration patients in the United States were 

hospitalized due to infections (Fair, 2014).  Healthcare trends highlight the phenomenon of 

previously susceptible bacterial strains acquiring adaptations that allow them to survive in the 

presence of multiple antibiotics. These multiple drug resistant (MDR) strains have acquired 

resistance via horizontal gene transfer of mobile genetic elements (Marshall and Levy, 2011).  

Overexposure to antibiotics promotes horizontal gene transfer of resistance mechanisms because 

selective pressure is placed on resistant bacteria, resulting in their survival and an increased 

likelihood of passing on the genes that code for resistance (Marshall and Levy, 2011; Boucher, 

2009).   

 Antibiotics, due to their heavy usage and the selective pressure placed on resistant 

bacterial strains, have recently emerged as environmental pollutants of concern. Municipal 

wastewater treatment plants (WWTPs) contribute to the release of these pollutants as they 

receive antibiotic residues via municipal, hospital, and pharmaceutical waste and are not 

adequately equipped for their removal (Batt et al., 2006). Although WWTPs do not specifically 

target antibiotics, they are documented to remove antibiotics at varying efficiencies among 

different treatment processes (Alajimi et al., 2014; De la Cruz et al.; 2012; Kim et al., 2009; Li 

and Zhang, 2011; Golet et al., 2003) 
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In the United States, wastewater treatment unit operations are commonly termed primary, 

secondary, and tertiary. It has been shown that secondary treatment can only partially eliminate 

antibiotics from wastewater, and tertiary treatment may further improve removal efficiency. The 

U.S Environmental Protection Agency (EPA) requires implementation of primary and secondary 

treatment of municipal wastewater; however, tertiary treatment is not required. The most 

common tertiary treatment methods are filtration, chlorination, and ultraviolet (UV) radiation 

(Le-Minh et al., 2010). Removal efficiency varies with type of tertiary treatment process. In 

previous studies, filtration and chlorination were proven to impart synergistic results in removing 

antibiotics (Peng et al., 2006; Yang et al., 2005). However, a large discrepancy of removal 

efficiencies is apparent across different studies of these treatment processes and further study is 

urgently needed to clarify these findings. The objective of the reported study is to determine the 

removal efficiencies of a sequential silica filtration and chlorination treatment method for 

commonly prescribed antibiotics, e.g. sulfonamides, macrolides, and quinolones, at a WWTP in 

Muncie, Indiana. The study will augment current literature addressing antibiotics removal via 

WWTPs, and provide useful insights for future studies and to WWTP designers.  
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2. Literature Review 

2.1 Background and Current State of Antibiotics 

Antibiotics are compounds that are either: (1) bacteriostatic and able to slow bacterial growth; or 

(2) bactericidal and function by killing microorganisms. Antibiotics may be developed from 

living organisms such as fungi or soil bacteria, or they can be produced synthetically, depending 

on the compound (Clardy et al., 2009). The first antibiotic, Salvarsan, was discovered by Paul 

Ehrlich in 1909 and was used to treat Syphilis (Aminov, 2010). Although many factors played a 

role in the marked increase in life expectancy during the 1900s (e.g., food safety regulations, 

greater environmental health awareness, medical advancements, social improvements), 

comparison of the leading causes of mortality demonstrate that the widespread use of antibiotics 

was among the more significant factors responsible (Ninde, 2018). In 1909, average life 

expectancy was 47.3 years and the leading causes of death were tuberculosis, heart disease, 

pneumonia and influenza (National Vital Statistics System, 1947). By 1970, life expectancy had 

increased to 70.8 years and heart disease, cancer, and cerebrovascular disease were the leading 

causes of death, while tuberculosis, pneumonia and influenza infections had been controlled, 

attributable to the development and application of antibiotics (CDC, no date.  

Many new classes of antibiotics, each with a distinguishing mode of action against 

bacteria, were discovered from the 1950s - 1980s (Figure 1; Song et al., 2012). The classes of 

antibiotics currently available are β -lactams, aminoglycosides, tetracyclines, glycopeptides, 

macrolides, sulfonamides, streptogramins, lincosamides, cyclic lipopeptides, oxazolidones, and 

quinolones. There has been a deficit in discovery of new classes since the early 2000s, partly due 
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to stringent FDA research and development regulatory requirements, and also the lack of interest 

from pharmaceutical companies due to the minimal profit margin of antibiotics (Ventola, 2015).  

 
Figure 1. Timeline of discoveries of antibiotic classes (Adapted from Song et al., 2012). 

 

 

Therefore, the approach to producing new antibiotics has been aimed predominantly at 

modification of antibiotics from existing classes (WHO, 2017). The current lack in research and 

development of novel antibiotics is of concern due to the widespread acquisition of resistance to 

antibiotics on the market by previously susceptible bacterial strains.  

Two mechanisms are available for previously susceptible bacteria to gain resistance, i.e., a 

genetic mutation resulting in the expression of a gene coding for resistance mechanisms, and 

horizontal gene transfer of mobile genetic elements from a resistant organism (Read, 2014). 

Horizontal gene transfer of mobile genetic elements is promoted when inherently resistant strains 

are exposed to an antibiotic and survive, resulting in reproduction and natural selection for the 

resistant genes. Horizontal gene transfer has led to the emergence of multi-drug resistant (MDR), 

extensively-drug resistant (XDR), and pan-drug resistant bacteria (Magiorakos et al., 2012). 

According to the most recent Antibiotic Resistance Threats in the United States report (2013), 

two million people are subject to an infection caused by antibiotic resistant bacteria every year, 
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and the available data suggests approximately 23,000 of those infections result in mortality 

(CDC, 2013). In 2017, World Health Organization (WHO) categorized 12 priority pathogens in 

accordance with their current resistance state and impact on public health. Of those 12 

pathogens, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacteriaceae were 

deemed critical and Enterococcus faecium, Staphylococcus aureus, Helicobacter pylori, 

Campylobacter, Salmonellae, and Neisseria gonorrhoeae are high priority (WHO, 2017).  

Humans greatly contribute to bacterial resistance by over-prescribing antibiotics and 

subsequently releasing them into the environment. In 2016, 270.2 million prescriptions were 

prescribed, which correlates to 836 prescriptions per 1,000 persons (CDC, 2018). Of those 

prescriptions, 60.2 million were prescribed in the Midwest. Antibiotics are released to 

wastewater from municipal, hospital, and pharmaceutical sources, and concentrations may be 

sufficiently great to promote the spread of clinically significant resistance (Kostich et al., 2014). 

In consequence, antibiotic dissemination through wastewater treatment has received great 

interest from researchers as any compounds remaining in the effluent will be released to the 

biosphere. 

2.2 Wastewater Treatment in Municipal Plants 

Treatment of conventional municipal wastewater typically involves three distinct stages. 

Preliminary/primary treatment serves to prepare wastewater for subsequent treatment using 

physical unit processes to remove coarse solids, oils and grease, a portion of suspended solids, 

and organic matter. Secondary treatment employs biological unit processes, sometimes combined 

with chemical additions, to remove biodegradable organic matter and suspended solids. 

Conventional activated sludge systems are most commonly used for secondary treatment. 
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Treatment of wastes occurs via microbial oxidation of organic compounds and provides multiple 

removal pathways for contaminants including microbial decomposition, sorption to suspended 

solids, and incorporation into agglomerates of microbial flocs. Typically, processes following 

secondary treatment are categorized as tertiary, or ‘advanced treatment’ (Quach-Cu et al., 2018). 

Tertiary treatment may involve a combination of unit processes and further remove residual 

suspended solids and biological oxygen demand (BOD), and disinfect effluent before discharge 

to natural water bodies. Relevant processes mainly include media filtration (e.g., anthracite 

coal/sand/gravel) and disinfection (e.g., chlorination, UV irradiation, ozonation), and may 

include a combination of individual unit processes. Tertiary treatment is neither required nor 

employed in many wastewater treatment plants, making the study of antibiotics removal through 

tertiary processes rare in comparison with removal via secondary processes. Most treatment 

plants identified and addressed in this review are located in EU nations, the United States, China, 

and Australia (Figure 2), partly due to stricter regulations, greater public concern regarding 

environmental health, and the greater volumes of antibiotics released. Almost half the studies 

were conducted in EU counties such as Switzerland, Spain, Sweden, Germany, and France. In 

recent years research also has been conducted in India due to its large population, rapidly 

growing economy, and high concentrations of antibiotics found in natural waterways (Burch et 

al., 2019).  

 

 

 

 

 

 

 

 

Figure 2. Locations of studies discussed in literature review.   
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2.3 Antibiotic Removal during Primary and Secondary Treatment 

Antibiotic removal via primary treatment is not typically studied, although a few studies have 

briefly discussed its removal efficiency for certain antibiotics. Among the commonly-occurring 

antibiotics in wastewater, primary treatment generally exhibited higher removal efficiencies for 

tetracycline and chlortetracycline than for sulfamethoxazole and erythromycin (Gao et al., 2014; 

Göbel et al., 2007). The higher removal of tetracyclines is likely due to stronger sorption to solid 

particles through van der Waals forces, electron donor-acceptor interactions and ionic bonding 

than for sulfonamides and macrolides (Batt et al., 2007).   

Conventional secondary treatment has the capacity to remove antibiotics from 

wastewater, but removal efficiency varies markedly under different environmental conditions 

and as a function of the properties of the compounds (Li et al., 2016; Roberts et al., 2015). 

Biological treatment has been found to remove sulfamethoxazole (68%) and trimethoprim (20%) 

(Göbel et al., 2007). Because sorption is minimal for sulfonamides and trimethoprim, removal 

during biological treatment is directly related to microbial degradation. The low removal of 

trimethoprim is due to strong resistance to biodegradation; however, removal efficiency 

significantly increases (80 - 98%) by increasing solids retention time (SRT) to 60 - 80 days 

(Göbel et al., 2007; Pérez et al., 2005). Trimethoprim is biodegraded primarily via nitrification 

by slow-growing bacteria; therefore, increasing hydraulic retention time (HRT) promotes its 

removal (Le-Minh et al., 2010). Tetracycline and chlortetracycline removal rates attained 100% 

during secondary treatment (Göbel et al., 2007). Sorption to sludge is likely the mechanism of 

removal because tetracyclines are not biodegradable (Batt et al., 2007). Increasing SRT results in 

increased removal of tetracycline; increasing HRT until sorption equilibrium is reached also 
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increases rate of removal (Kim et al., 2005). However, antibiotics removed through sorption 

presumably accumulate in sludge and biosolids, which poses another risk, as these are often 

applied to the soil for beneficial use. Although a significant environmental and health concern, 

the presence of antibiotics in sludge is beyond the scope of this thesis.  

2.4 Antibiotics Detected After Conventional Secondary Treatment 

Secondary treatment is implemented for removal of organic contaminants from wastewater; 

however, previous studies have concluded that conventional secondary treatment processes, 

consisting of sedimentation, filtration and activated sludge, are unable to completely remove 

antibiotics (Verlicchi et al., 2012; Wang & Wang, 2016). Le-Minh et al. (2010) found antibiotics 

in concentrations of 10 - 1000 ng/L in secondary treated effluents following biological treatment. 

Concentrations of over 3000 ng/L have been observed in wastewater treatment plant effluents in 

India (Prabhasankar et al., 2016) (Table 1). 

Commonly prescribed antibiotics such as sulfamethoxazole, sulfamethazine, tetracycline, 

chlortetracycline, and ciprofloxacin were identified in WWTP effluents at greatly varying 

concentrations (Karthikeyan & Meyer, 2006; Yang et al., 2005) (Table 1). Sulfamethoxazole, 

trimethoprim, ciprofloxacin, tetracycline, and erythromycin were detected at levels ranging from 

1 - 3337 ng/L (Batt et al., 2006; Carballa et al., 2007; Karthikeyan & Meyer, 2006; Le-Minh et 

al., 2010; Lin et al., 2009; Lindberg et al., 2007; Miao et al., 2004; Prabhasankar et al., 2016; 

Roberts & Thomas, 2006; Watkinson et al., 2007; Yang et al., 2005). 
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Table 1. Antibiotics commonly identified in effluents of conventional WWTPs 

Antibiotics 

Effluent 

conc. 

(ng/L) 

Reference  
Country/regio

n of research 

Sulfamethoxazole 13-3337 

Miao et al., 2004; Lin et al., 2009; Karthikeyan 

and Meyer, 2006; Xu et al., 2007; Le-Minh et 

al., 2010; Prabhasankar et al., 2016 

Australia; 

Canada; China; 

India; Taiwan 

Sulfamethazine 30-363 
Miao et al., 2004; Yang et al., 2005; 

Karthikeyan and Meyer, 2006 
Canada; U.S. 

Tetracycline 16-620 Miao et al., 2004; Lin et al., 2009  
Canada; China; 

Taiwan 

Trimethoprim 1-1340 

Batt et al., 2007, Watkinson et al., 2007; Lin et 

al., 2009; Le-Minh et al., 2010; Prabhasankar et 

al., 2016 

Australia; 

India; Taiwan; 

U.S. 

Ciprofloxacin 7-130 
Lindberg et al., 2005; Karthikeyan and Meyer, 

2006; Le-Minh et al., 2010; 

Australia; 

Germany; U.S.; 

Canada 

Norfloxacin  27-85 
Golet et al., 2003; Miao et al, 2004; Xu et al, 

2007 

Switzerland; 

China; Canada 

Clarithromycin 57-330 Giger et al. 2003 Switzerland 

Ofloxcin 41-991 

Miao et al., 2004; Peng  et al., 2006; Xu et 

al.,2007; Lin et al., 2009; De la Cruz et al., 

2012 

Canada; China; 

Switzerland; 

Taiwan 

Erythromycin 2-2054 

Miao et al., 2004; Roberts and Thomas, 2006, 

Xu et al., 2007; Lin et al., 2009; Prabhasankar 

et al., 2016 

China; India; 

Germany; 

Taiwan; U.K. 

In addition, some antibiotic contaminants might be persistent in surface water after being 

discharged from WWTPs. Ciprofloxacin, sulfamethoxazole, and clindamycin were found to be 

present 100 m downstream of the discharge point of wastewater effluent (Batt et al., 2006). 

Ciprofloxacin and norfloxacin were also found to be only partially removed during transport in 

rivers (Giger et al., 2003), indicating that these contaminants still pose risks to the aquatic 

environment.  
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2.5 Antibiotic Removal via Conventional Tertiary Treatment  

The presence of antibiotics in secondary effluent is of concern because tertiary treatment is not 

required in the United States but only in EU nations where effluent is discharged into sensitive 

areas. Despite generally not being required in the United States, tertiary treatment methods are 

applied in some WWTPs for further disinfection and nutrient reduction to enhance effluent 

quality. The most common tertiary treatments implemented in the United States are chlorination, 

UV irradiation, and sand filtration. According to the EPA 2012 Clean Watersheds Need Survey, 

among the 4376 U.S. facilities with reported data, chlorination is used or will be used in 1133 out 

of the 2181 facilities that use a disinfection method in the tertiary process. UV irradiation is or 

will be used in 285 facilities, and sand filtration in 245 facilities. Other new technologies are 

promising but are currently implemented much less frequently. For example, ozonation and 

activated carbon treatment are or will be used in only 8 and 14 facilities, respectively (EPA, 

2012).   

2.5.1 Chlorination 

Disinfection is of critical importance in wastewater treatment and/or reuse applications. Many 

disinfection methods are in use in full-scale WWTPs such as application of chemical 

disinfectants and inactivating agents. Among those, chlorination and UV irradiation are the most 

popular disinfection methods in the U.S. (EPA, 2012). 

After injection into wastewater, gaseous chlorine is converted to the oxidative species 

hypochlorous acid (HOCl). Hypochlorous acid reacts with target organic molecules by oxidation 

processes including nucleophilic attack at an electrophilic site and addition to unsaturated bonds 
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(Deborde & Von Gunten, 2008). The efficiency of hypochlorous acid in oxidizing organic 

pollutants is a function of the chemical structure of the target compound, as it is highly selective 

for reducing and/or attacking electrophilic sites. The high selectivity of its oxidizing potential is 

supported by the relatively high removal efficiencies of antibiotics following chlorination.  

Comparing antibiotics concentration in secondary effluent and tertiary effluent of the 

same WWTP, chlorination increased removal efficiencies of sulfamethoxazole by 11%, 

ciprofloxacin by 11%, norfloxacin by 5%, tetracycline by 3%, trimethoprim by 23%, and 

erythromycin by 17% (Li & Zhang, 2011) (Table 2). However, due to the uncertainties involved 

with sampling procedures, complexity of wastewater flow rates, and the analytical determination 

of trace contaminants, a derived removal rate of < 10% is not suggested to be statistically 

significant. As such, chlorination provides significant removal of erythromycin and 

trimethoprim, marginal removal of sulfamethoxazole, ciprofloxacin, and insignificant removal of 

tetracycline and norfloxacin. 

 Other studies have reported high but varying removal efficiencies via chlorination 

without comparison to conventional secondary treatment processes. For example, removal 

efficiencies of ofloxacin and ciprofloxacin using chlorination were 100% (De la Cruz et al., 

2012; Kim et al., 2009). Chlorination exhibited removal efficiencies of 81% or higher for 

sulfamethoxazole and 80% for sulfamethazine (Gao et al., 2014; Peng et al., 2006; Yang et al., 

2005). 
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Table 2. Comparison of percent removal following secondary and tertiary treatment 

Antibiotics 

Secondary 

Removal 

(%) 

Tertiary 

Removal 

(%) 

Research 
Tertiary 

Processes 

sulfamethoxazole 

62 73 Li and Zhang, 2011 Chlorination 

63 87 Alajimi, 2014 Sand filtration 

NA 51 
De la Cruz et al., 

2012 UV; Tertiary only  

NA ~100 Kim et al., 2009 UV 

ciprofloxacin 

55 66 Li and Zhang, 2011 Chlorination 

78 83 Golet et al., 2003 Sand filtration  

NA 48.00 
De la Cruz et al., 

2012 UV; Tertiary only  

84 88.00 Giger et al., 2003 Sand filtration  

84 88.00 Golet et al., 2003 Sand filtration  

norfloxacin 
45 50 Li and Zhang, 2011;  Chlorination 

89 92 Golet et al., 2003 Sand filtration 

tetracycline 36 39 Li and Zhang, 2011; Chlorination 

trimethoprim 83 90 Alajimi, 2014 Sand filtration 

trimethoprim 

42 65 Li and Zhang, 2011; Chlorination 

NA 7 
De la Cruz et al., 

2012 UV; Tertiary only  

NA ~100 Kim et al., 2009 UV 

ofloxcin 

84.9 87 Peng et al., 2006 Sand filtration  

NA 65 
De la Cruz et al., 

2012 UV; Tertiary only  

NA ~100 Kim et al., 2009 UV 

erythromycin 26 43 Li and Zhang, 2011 Chlorination 

     

 

The parallel between chlorination removal efficiencies of sulfamethoxazole and sulfamethazine 

is likely attributable to their similar chemical properties. However, there is an inconsistency in 

the reported numbers in different studies for sulfonamides, ranging from 45% (Xu et al., 2007) to 

100% (De la Cruz et al., 2012; Kim et al., 2009).  

Chlorination had the highest trimethoprim removal efficiency during tertiary treatment at 

93% (Lin & Tsai, 2009). Chlorination exhibited a removal efficiency of 67% for doxycycline 
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(Lindberg et al., 2005; Yang et al., 2005). Removal efficiency of tetracycline was 90% after 

chlorination but only 66% following UV irradiation (Lin & Tsai, 2009). Others found that over 

99% of tetracycline could be removed after chlorination (De la Cruz et al., 2012; Kim et al., 

2009). Chlorination resulted in a removal efficiency of 78% for chlortetracycline (Yang et al., 

2005). The removal rate of erythromycin was 98% following chlorination (Kim et al., 2009).  

Chlorination is generally very effective in the removal of sulfonamides, tetracyclines and 

macrolides (Ben et al., 2018; Le-Minh et al., 2010; Lin et al., 2009). However, chlorination may 

pose additional risks by adding harmful transformation byproducts such as halogenated 

trihalomethanes (THMs) and haloacetic acids (HAAs) during the disinfection process (Sharpless 

& Linden, 2001; Burton et al., 2014).  

2.5.2 UV irradiation 

UV irradiation generally does not offer a significant removal of antibiotics. The mechanism of 

UV irradiation involves directing UV light through the media of interest to destroy chemical 

bonds of pollutants via photolysis. UV irradiation is gaining greater popularity as a disinfection 

method because of its long-term cost efficiency, and concerns regarding disinfection by-products 

created from chlorination (Sharpless & Linden, 2001; Burton et al., 2014). However, UV 

irradiation does not offer a consistent removal rate of many antibiotics due to the varying light 

sensitivity of different compounds, short exposure time, and limited wavelength choices. For 

macrolides, UV treatment resulted in a significantly lower removal efficiency (15%) in 

comparison to 45% following chlorination (Xu et al., 2007). In a bench-scale experiment, Kim et 

al. (2009) found removal efficiencies of macrolides via UV treatment alone to be very low even 

after application of a considerable UV dose. This is consistent with the findings of Yang et al. 
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(2014) who found that UV photolysis at wastewater disinfection dosages is ineffective in 

removing antibiotics. For trimethoprim, UV treatment exhibited the lowest removal efficiency at 

22% (Bendz et al., 2005; Lin & Tsai, 2009). In a study by De la Cruz et al. (2012), UV treatment 

removed trimethoprim by only 7% after a 10-min exposure. Removal efficiency of tetracycline 

was 66% following UV irradiation, much lower than the 90% removal efficiency after 

chlorination (Lin & Tsai, 2009). As mentioned previously, any derived removal rate of < 10% is 

not suggested as statistically significant; therefore, most UV studies did not show a significant 

removal of antibiotics. 

2.5.3 Sand filtration 

Sand filtration is a commonly used treatment method in tertiary processes (EPA, 2012). Sand 

filtration is effective in reducing concentrations of viable indicator bacteria and viruses, 

substantially decreasing the number of pathogenic microbes in wastewater effluents. 

Furthermore, tertiary sand filtration yields additional reductions in suspended solids and BOD, 

producing a higher quality effluent (Hollender et al., 2009). Consequently, disinfection of tertiary 

effluents can be more efficient due to lower chlorine demand and higher transmittance of UV 

light compared to secondary effluent. However, due to the hydrophilic nature of most antibiotic 

contaminants, the removal efficiency of antibiotics from sand filtration alone is not significant 

(Nakada et al., 2007), especially at low antibiotic concentrations (Hollender et al., 2009). The 

removal rate of common antibiotics via tertiary treatment by sand filtration varies from 14% for 

ofloxacin (Peng et al., 2006), 83% for ciprofloxacin (Golet et al., 2003), 88% for norfloxacin 

(Golet et al., 2003), and 34 – 95% for sulfamethoxazole (Altmann et al., 2014; Nam et al., 2014; 

Snyder et al., 2007).  
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Because antibiotic concentrations in secondary effluents are often reduced in comparison 

to those of primary influent concentrations, sand filtration generally does not offer significant 

additional removal. In comparing secondary and tertiary effluent concentrations, sand filtration 

increased removal efficiencies of sulfamethoxazole by 24% (Alajmi, 2014), ciprofloxacin by 4 - 

5% (Giger et al., 2003; Golet et al., 2003), norfloxacin by 3% (Golet et al., 2003), trimethoprim 

by 7% (Alajmi, 2014), and ofloxacin by 2% (Peng et al., 2006). As such, only the increased 

removal rate of sulfamethoxazole by sand filtration is deemed significant. 

2.5.4 Other tertiary processes 

Other tertiary processes are available for wastewater treatment. However, many remain costly 

and have not been applied at full-scale WWTPs on a regular basis. Such processes include 

activated carbon filtration, ozonation, and use of enzymes.  

Activated carbon is among the most commonly tested physical adsorption methods and is 

applied in some tertiary treatment facilities to remove antibiotics (Wang & Wang, 2016). Snyder 

et al. (2007) found that antibiotics concentrations were greatly reduced using activated carbon 

treatment. Altmann et al. (2014) used bench-scale experiments with activated carbon to test 

removal efficiency of antibiotics from secondary wastewater effluents, and measured 60% 

removal of sulfamethoxazole.  

Adoption of advanced oxidation processes (AOP) in tertiary treatment can significantly 

contribute to reduction of antibiotics (Wang & Xu, 2012; Xu et al., 2007). Ozonation has also 

proved to be suitable for antibiotics removal. During ozonation, antibiotics are oxidized by either 

direct attack from the ozone molecule or from the hydroxyl radical derived from ozone 

decomposition (Alajmi, 2014; Nakada et al., 2007). Ozonation is generally efficient in cleaving 
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antibiotic compounds due to the non-selectivity of the hydroxyl radicals. Xu et al. (2007) studied 

the decay of amoxicillin and total organic carbon (TOC) during ozonation and found that 90% of 

substrate was converted within 4 min of ozonation. Hollender et al. (2009) determined that 40% 

to 80% of commonly prescribed antibiotics was removed by ozonation. However, similar to 

chlorination, ozonation can also generate toxic by-products such as aldehydes, various acids, and 

aldo- and keto- acids (Burton et al., 2014). 

Combining different tertiary processes results in higher removal of antibiotics. Eighty-

one percent sulfamethoxazole removal efficiency occurred by chlorination alone, and 98% by a 

combination of filtration and chlorination (Peng et al., 2006; Yang et al., 2005). Alajmi (2014) 

found that chlorinated reverse osmosis following secondary treatment could remove almost all 

pharmaceuticals, including trimethoprim and sulfamethoxazole. By combining UV irradiation 

with neutral photo-Fenton process (Fe2+,3+/H2O2/UV and Fe2+,3+/H2O2/simulated sunlight), which 

is a photochemical degradation method for organic contaminants using iron salts and hydrogen 

peroxide, most antibiotics were completely removed (De la Cruz et al., 2012). [Detailed 

mechanisms of photo-Fenton processes are beyond the scope of this review and could be referred 

to Bokare and Choi (2014). By combining ozonation with sand filtration, removal rates of most 

antibiotics improved, e.g., from 61% to 85% for ofloxacin, from 38% to 93% for 

sulfamethoxazole, from 35% to 99% for trimethoprim, for conventional secondary effluent 

(Margot et al., 2013).  

2.6 Uncertainties in Removal Efficiency Tests for Antibiotics at Full-Scale WWTPs 

Antibiotic removal efficiency tests from full-scale WWTPs are affected by many factors related 

to the individual WWTP including the size of plant, the dosage or concentration of disinfectants 

commonly employed, antibiotics variances in the plant related to local antibiotic consumption 
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patterns, seasonal fluctuation of antibiotic influents to treatment plants, and operating parameters 

of the various unit operations. Karthikeyan and Meyer (2006) found that removal efficiencies of 

antibiotics were unaffected by size of the WWTPs; however, size of a plant determines solids 

retention time, plays a critical role in physical and biochemical processes, and should ultimately 

affect removal efficiency of antibiotics (Burton et al., 2014). Antibiotic concentrations vary 

greatly as a function of consumption patterns and wastewater treatment processes employed. 

Miao et al. (2004) found differences in relative concentrations of antimicrobials in WWTP 

effluents in Canada relative to those reported in northern Europe, particularly for quinolone and 

sulfonamide compounds. These data may reflect differences in prescription patterns in the two 

locations. Even when conditions of a wastewater treatment plant were maintained constant under 

high and low flows, Roberts et al. (2016) found that removal efficiency fluctuated considerably. 

This indicates that many factors directly affect antibiotic removal, and that the complexity of 

environmental conditions in wastewater treatment processes are still not completely understood.  

2.7 Antibiotics of Interest 

The antibiotics chosen for the reported study were sulfamethoxazole, ciprofloxacin, 

trimethoprim, and erythromycin. These were chosen due to their importance in fighting 

pathogenic infections and their prominence in the literature. The resistance selection 

concentration, or predicted no effect concentration (PNEC), for the chosen antibiotics ranges 

from 500 - 16,000 ng/L (Bengsston-Palme and Larsson, 2016). Of the four antibiotics, 

trimethoprim, ciprofloxacin, and erythromycin have been reported in wastewater effluent in 

concentrations greater than that which will select for resistance bacteria (Table 1). 
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2.7.1 Sulfamethoxazole 

Sulfamethoxazole belongs to the sulfonamide class of antibiotics and works to prevent the 

synthesis of dihydrofolate acid during bacterial metabolism of folic acid, a compound required 

for bacterial DNA synthesis (Kielhofner, 1990). Sulfamethoxazole has bacteriostatic capability 

against certain Gram-positive and Gram-negative bacteria; however, it is often combined with 

trimethoprim and prescribed as Bactrim™ by virtue of synergistic effects. Bactrim has been 

proven to work against species of aerobic Gram-positive and Gram-negative bacteria such as 

Streptococcus pneumoniae, Escherichia coli, and Enterobacter species (FDA, 2013).  

 Sulfamethoxazole is a polar compound composed of sulfonyl, amine, and aniline groups 

(Figure 3). Sulfamethoxazole has a molecular weight of 253.28 g/mol and has poor solubility at 

610 mg/L at 37 C (Yalhowsky et al., 2003).  The pKa of sulfamethoxazole (5.6  0.07) indicates 

the compound may donate a proton and will likely become a negatively charged species in 

surface water ranging in pH from 5.5 - 7. With a log Kow of 0.89, sulfamethoxazole is unlikely to 

sorb to soil particles and removal via sludge adsorption during wastewater treatment is minimal 

(Drillia et al., 2005).   

 

 

 

 

 

 

Figure 3. Sulfamethoxazole and its metabolites. The conjugate metabolites are in bold.  
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2.7.2  Ciprofloxacin 

Ciprofloxacin is a broad-spectrum antibiotic belonging to the quinolone class. It targets and 

inhibits two enzymes, topoisomerase II and topoisomerase IV, which are essential for multiple 

steps in bacterial DNA replication, RNA synthesis, and DNA repair. It has been proven effective 

against species of Gram-positive and Gram-negative bacteria such as Enterococcus faecalis, 

Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa (FDA, 2004).   

 Ciprofloxacin is an amphoteric compound composed of a fluoroquinolone base and 

piperazine, carboxylic acid, and cyclopropane constituents (Figure 4). Carboxylic acid and 

piperazine have pKa values of 6.09 and 8.73, respectively; therefore, the compound may exist as 

a cation, anion, or a zwitterion depending on solution pH. Ciprofloxacin will always exist as an 

ion under typical environmental pH values and strongly sorbs to soil and sludge through ionic 

bonding, thus preventing the compound from leaching (Norwara et al., 1997). Ciprofloxacin has 

a molecular weight of 331.35 g/mol and a high water solubility at 300,000 mg/L at 20C 

(Norwara et al., 1997).  

 

 

 

 

 

 

 

Figure 4. Ciprofloxacin and its conjugate metabolites (bold). (Polesel et. al, 2016). 
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2.7.3  Trimethoprim 

Trimethoprim, similar to sulfamethoxazole, targets the pathway of bacterial DNA synthesis. It 

works by binding to the enzyme dihydrofolate reductase and prevents it from reducing 

dihydrofolic acid to tetrahydrofolic acid. Trimethoprim has broad-spectrum activity against 

certain Staphylococcus, Enterobacter, Streptococcus, and Proteus organisms (FDA, 2016).  

 Trimethoprim is a polar compound composed of pyrimidine, two amine groups, and a 

trimethoxylbenzene constituent (Figure 5). Trimethoprim has a molecular weight of 290.32 

g/mol and a poor solubility at 400 mg/L at 25C (Yalhowsky et al., 2003). Trimethoprim acts as 

a weak base in solution (pKa = 7.4); therefore, in surface water pH values of 5.5 - 7, it will 

remain as a neutral compound (Aargaard et al., 1991). In solutions with pH values > 7.4, 

trimethoprim will gain a proton and become a positively charged species. Trimethoprim is 

unlikely to bind to soil or sludge given its log Kow of 0.9. Similar to sulfamethoxazole, sorption 

to sludge particles in wastewater treatment is considered minimal (Lindberg et al., 2006; Batt et 

al., 2007).  

 

 

 

 

Figure 5. Trimethoprim chemical structure.  

2.7.4 Erythromycin 

Erythromycin, a macrolide antibiotic, is produced from a strain of Saccaropolysporaerythraea 

(Figure 6). It has broad-spectrum capabilities and prevents protein synthesis by binding to the 
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50S ribosomal subunit to inhibit the transpeptidation/translocation steps during elongation. 

Erythromycin is prescribed to treat infections caused by Gram-positive bacteria such as Listeria 

monocytogenes, Staphylococcus aureus, and Streptococcus pneumoniae, and few Gram-negative 

bacteria species (Bordetella pertussis, Legionella pneumophila, and Neisseria gonorrhoeae) 

(FDA, 2013).  

 

 

 

 

 

 

Figure 6. Erythromycin chemical structure. 

Erythromycin has a molecular weight of 733.94 g/mol and is poorly soluble in water at 2,000 

mg/L at 28C (O’Neil, 2006). Erythromycin has a log Kow of 3.06 and strongly sorbs to soil and 

clay particles, indicating that it is unlikely to leach. Its rate of degradation is enhanced due to 

accessibility to microorganisms (Kim et. al, 2004). Erythromycin acts as a base with a pKa of 8.3 

and will be present primarily as the protonated species at typical environmental pH values 

(Goldman et al., 1990). 
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3. Experimental Methods 

3.1 Site selection  

The Muncie, Indiana WWTP plant has been in operation since 1941 and currently operates with 

two primary clarifiers, four secondary clarifiers, four 3-pass aerator basins, six anaerobic 

digesters, and five rapid sand multi-media filters (Figure 7). The plant has a treatment capacity of 

24.0 million gallons per day (mgd) with an average flow of 15.7 mgd. Since this study, 

construction of a UV irradiation system has been completed and UV irradiation now serves as 

tertiary treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Muncie Wastewater Treatment Plant aerial view. Photo provided from 

Superintendent of the WWTP.  

 



 
 

29 

The Muncie WWTP was selected for the reported study because: (1) the treatment plant 

implements conventional primary and secondary treatments, plus chlorination and silica filtration 

as tertiary treatments; and (2) the plant accepts wastewater from municipal, commercial, and 

industrial sources and also receives stormwater from the combined sewage overflow system 

(CSO). Therefore, antibiotics were hypothesized to be present in both the influent and the 

effluent. The effluent is discharged into the West Fork of the White River. Table 3 outlines the 

operating parameters of the Muncie WWTP.  

 

Table 3. Muncie wastewater treatment plant operating parameters 

 

3.2 Sampling and Laboratory Analysis 

At the time of sampling, chlorine was applied, as Cl2 gas, for disinfection of the contact tank at 

an average concentration of 0.043 mg/L.  

Grab samples were collected from the plant primary influent and tertiary effluent on 

January 9, and February 5 and 13, 2018. A flow diagram with sampling points for analytical 

measurements is shown in Figure 8. Grab samples were collected from secondary effluent and  

 

 

 

 

Figure 8. Flowchart of the Muncie WWTP processes. Primary influent/tertiary effluent 

sampling locations are denoted as blue diamonds. 
  

Average Daily Flow 

(mgd) 

Hydraulic retention 

(hrs) 

Solid retention 

(days) 

Daily Discharge Sludge 

(gallons x 103) 

15.68 4.8 21 32.23 
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Figure 9. Flowchart of the Muncie WWTP processes. Secondary/tertiary effluent sampling 

locations are denoted as blue diamonds. 

 

tertiary effluent on April 19, 23, and 24, 2018 (Figure 9). Samples were collected in 1 L amber  

plastic bottles which had been pre-cleaned with reagent water and organic solvents (methanol 

and acetone). Three replicates, each 1 L, were collected for each sample.  

Samples were placed in a cooler set to a temperature of 4 oC, transported within 30 min to 

the Ball State University Water Research Laboratory, and immediately filtered via vacuum 

filtration. Samples were passed through Whatman 0.45 μm glass microfiber filters (Grade Gf/F). 

Following filtration, samples were stored in 1 L amber plastic bottles at -10 °C. The frozen 

samples were transported in coolers to the Indiana State Department of Health (ISDH) laboratory 

in Indianapolis, IN. Departments within the ISDH lab are either EPA certified or accredited by 

other institutions, e.g., AIHA or CLIA. Processing and analysis of wastewater samples were 

conducted following EPA Method 1694. 

The ISDH method for quantifying antibiotics in wastewater includes multiple steps: solid 

phase extraction, compound separation on a liquid chromatograph, and positive electrospray 

ionization with a tandem mass spectrometer. Prior to sample extraction, 100 μL of internal 

standard was added to each bottle and 100 μL of each analyte standard was added to two bottles 

to create a matrix spike and matrix spike duplicate. The internal standard serves the purpose of 

quality control during quantifying the analytes. The matrix spike/matrix spike duplicate samples 

are analyzed to determine the accuracy and precision of the analytical method. According to the 
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ISDH document titled  “Analytical Methods for Pharmaceuticals and Personal Care Products 

(PCPs) in Environmental Waters and Sediment”, the method accurately and precisely measures 

analytes within a concentration range of 0.5 ng/L to 500 ng/L (ISDH, no date).  

3.2.1 Sample extraction 

To further prepare samples for extraction, 2 mL of 5% EDTA and 5 mL methanol were added to 

each bottle. Hydrophilic-lipophilic balanced (HLB) cartridges were attached to a Supelco 

Visiprep Extraction Manifold. The HLB cartridges have proven efficiency in sorbing acidic, 

basic, and neutral compounds. Following attachment to the extraction manifold, the cartridges 

were washed with 12 mL of methanol followed by 6 mL of deionized water to equilibrate the 

cartridges. The samples were loaded and the vacuum was set to approximately 5 in. Hg to allow 

samples to filter through at a rate of 2 - 3 drops/second. The collection flasks were emptied after 

the sample had completely passed through and 15 mL glass tubes were loaded onto the vacuum 

rack in preparation for elution. At the end of extraction, the antibiotics were captured in the 

sorbent bed of the cartridge. 

3.2.2 Sample elution 

Each HLB cartridge was conditioned with the addition of 10 mL of methanol. Initially, samples 

were eluted gravimetrically. To promote elution of less polar analytes, 3 mL of acetone was 

added to each cartridge and the samples were again eluted gravimetrically. Following elution, 

samples were placed in a TurboVap at 40 °C to evaporate the solvent and reconstitute the 

analytes. Sample volume was reduced to approximately 0.1 - 0.2 mL. The samples were removed 
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from the TurboVap and 0.1% formic acid was added to each sample to increase the volume to 1 

mL.  

3.2.3 LC/MS/MS 

To separate the antibiotic compounds, 20 μL of each sample was injected into an Agilent 1200 

HPLC (Table 4). The stationary phase was an Agilent Eclipse XDB-C18 column with a mobile  

 

Table 4. LC/MS/MS-Agilent 1200 configuration, positive mode. The mobile phase 

constituents are denoted as “A” and “B”. 

 

 

 

 

 

 

 

 

 

phase composed of 90% 6 mM formic acid with 4 mM ammonium formate in DI water and 10% 

6 mM formic acid in acetonitrile. This type of separation technique is termed reversed-phase 

chromatography because the stationary phase is non-polar and the mobile phase is aqueous. The 

column has a higher affinity for non-polar compounds; therefore, the more polar compounds will 

elute from the column most rapidly. The isolated compounds enter the mass spectrometer (API  

4000 (Table 5) and are ionized to create positively charged species. 

Time, Min 

Flow Rate 

(μL/min) %A %B 

0 300 90 10 

5 300 90 10 

7 300 5 95 

14 300 5 95 

14.01 300 90 10 

20 300 90 10 

Column Type 

Agilent Eclipse XDB-C18, 3.5μ, 150 x 

2.1 mm 

Injection Volume 20 μL 

Autosampler Temperature 15°C 

Column Oven 

35°C with a temperature tolerance of ± 

3°C 
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Table 5. MS/MS-API 4000 configuration 

 

 

 

 

 

 

 

 

 

 

 

3.3 Statistical Analysis  

Antibiotic concentration was expressed in ng/L for each data set. Removal efficiencies were 

calculated (Eq. 1) for each antibiotic on each date with a mean value reported for the 

corresponding data sets (primary influent/tertiary effluent, secondary effluent/tertiary effluent).   

𝑅𝐸 (%) =
( 𝐼−𝐸 )

𝐼
×100%          Eq. 1. 

where I represents the concentration of the influent compound (ng/L) and E represents the 

concentration of the effluent compound (ng/L). RE is the antibiotic removal efficiency. 

Statistical analysis was conducted using Minitab 18 software on a Windows-based PC. A 

two-sample t-test was used to analyze the primary influent/tertiary effluent and secondary 

effluent/tertiary effluent data sets to determine if the treatment methods reduced the mean 

concentration of the antibiotics and if so, if the reduction is statistically significant.  

The results of the t-test are considered statistically significant only if the p-value is < 

0.05. The null hypothesis for each t-test states there is no difference between the mean 

concentration of the influent and the mean concentration of the effluent (also the secondary 

effluent vs the tertiary effluent) 

Mode   Positive Electrospray ionization 

Dwell 50 msec 

Resolution Q1 and Q3 Unit 

Cmiain Gas (CUR) 20 

Nebulizer Gas (GS1) 25 

Turbo Gas (GS2) 15 

GS2 Temperature (TEM) 500 

Interface Heater (ihe) ON 

Collision Gas (CAD) 7 

Ionspray Potential (IS) 5000 

Entrance Potential (EP) 10 
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4. Results  

4.1 Antibiotics Recovered from Wastewater 

Overall, antibiotic concentrations in primary influent varied considerably between samples for 

each antibiotic identified in January and February (Table 6). Among the primary influent 

samples collected in January and February, sulfamethoxazole was lowest in concentration (20 - 

65 ng/L) in comparison to ciprofloxacin (61 - 95 ng/L) and trimethoprim (86 - 100 ng/L) (Table 

6). The same trend was found in the effluent samples, as sulfamethoxazole had the lowest  

 

Table 6. Antibiotic concentrations in the primary influent and tertiary effluent 

Antibiotic 

Sampling 

date 

Primary influent 

(ng/L) 

Tertiary effluent 

(ng/L) 

ciprofloxacin 1/9/2018 61 
61 

 2/5/2018 95 95 
 2/13/2018 72 59 

sulfamethoxazole 1/9/2018 20 24 

 2/5/2018 42 60 

 2/13/2018 65 36 

trimethoprim 1/9/2018 86 58 

 2/5/2018 100 86 

 2/13/2018 91 51 

erythromycin 1/9/2018 -- -- 

 2/5/2018 -- -- 

 2/13/2018 -- -- 

*The standard solution was not available to analyze erythromycin in January and February 

 

 

concentrations (24-60 ng/L), and trimethoprim (51-86 ng/L) and ciprofloxacin (59-95 ng/L) the 

greatest.  
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Antibiotic concentrations in secondary effluent were relatively consistent among April samples 

for each antibiotic, ranging from 20 – 24 ng/L for ciprofloxacin, 71 - 74 ng/L for trimethoprim, 

160 ng/L for sulfamethoxazole, and 160 – 280 ng/L for erythromycin (Table 7).    

 

Table 7. Antibiotic concentrations in secondary and tertiary effluents  

Antibiotic 

Sampling 

date 

Secondary effluent 

(ng/L) 

Tertiary effluent 

(ng/L) 

ciprofloxacin 4/19/2018 21 17 

 4/23/2018 20 27 

 4/25/2018 24 28 

sulfamethoxazole 4/19/2018 160 180 

 4/23/2018 160 180 

 4/25/2018 160 280 

trimethoprim 4/19/2018 71 66 

 4/23/2018 73 80 

 4/25/2018 74 100 

erythromycin 4/19/2018 180 400 

 4/23/2018 160 420 

 4/25/2018 280 240 

 

The antibiotics concentrations in the tertiary effluent from the April sampling had the greatest 

variation for each antibiotic, ranging from 17 – 28 ng/L for ciprofloxacin, 180 – 280 ng/L for 

sulfamethoxazole, 66 – 100 ng/L for trimethoprim, and 240 – 400 ng/L for erythromycin, 

indicating variable antibiotic loading patterns among sampling days (Table 7). 
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4.2 Removal Efficiencies  

Removal rates were inconsistent between samples taken from primary influent and tertiary 

effluent from January and February samples. Sulfamethoxazole concentration increased after 

tertiary treatment in two of the three samples collected in comparison to concentrations measured 

for the primary influent (removal rate of -20%, -43%, and 45% respectively). Trimethoprim had 

the highest and most consistent removal rate, averaging 30%. No differences were observed in 

two of the three ciprofloxacin samples, with 0% removal rate; however, the sample collected on 

Feb 13th had a 18% removal rate of ciprofloxacin (Table 6).  

On average, antibiotics concentration in tertiary effluent increased in comparison to those 

in secondary effluent collected in April. Erythromycin exhibited the greatest increase at 71% and 

ciprofloxacin the lowest at 11%. Sulfamethoxazole and trimethoprim concentrations increased 

by 33% and 13% respectively.  

4.3 Two Sample t-Test 

4.3.1 Suitability analysis of t-test 

The two-sample T-test has three assumptions that must be fulfilled prior to running the test:  

(a) Random, unbiased study (RUS). This assumption is fulfilled because any potential bias 

was mitigated by collecting samples on days with similar flow rates (~15 - 16 mgd) into 

the treatment plant.  

(b) Sampling distribution of the means are Normal.  This assumption was fulfilled for all 

data sets for each antibiotic. The Probability Plots for each antibiotic have p-values > 
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0.05, indicating that we fail to reject the null hypothesis that the data sets are Normal; 

therefore, we assume the data is Normal (Figures 10 - 15).  

(c) Equal Population Variances. This assumption was fulfilled for all data sets, excluding the 

secondary effluent/tertiary effluent trimethoprim data. The “F-test /two variances” graphs 

had p-values > 0.05 for the data sets with equal variances. All data sets aside from the 

trimethoprim secondary effluent/tertiary effluent were analyzed using the Pooled 

Variance two-sample t-test, due to their assumed equal variances. The trimethoprim 

secondary effluent/tertiary effluent data set was analyzed using the Separate Variance 

Two-sample t-test due to the unequal variances. 

 
Figure 10. Ciprofloxacin primary influent/tertiary effluent probability plot.  

In the figure, StDev, the standard deviation, is the amount the data varies from the mean, N is 

the number of data points, the Anderson Darling (AD) value is a measurement of the area 
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between the Normal distribution and the empirical distribution, and P is a measurement of 

the evidence against the null hypothesis (H0). If p is < 0.05, then we fail to reject H0. The 

null hypothesis for a probability plot states the data follow a Normal distribution pattern. A 

p-value > than the significance level (0.05) indicates the data fulfill the Normal distribution 

requirement of parametric tests. The same interpretation applies to Figures 11 – 15.  

 

 
Figure 11. Sulfamethoxazole primary influent/tertiary effluent probability plot. 
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Figure 12. Trimethoprim primary influent/tertiary effluent probability plot. 

 

 
Figure 13. Ciprofloxacin secondary effluent/tertiary effluent probability plot. 
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Figure 14. Trimethoprim secondary effluent/tertiary effluent probability plot.  

 

 
Figure 15. Erythromycin secondary effluent/tertiary effluent probability plot. 
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4.3.2 t-test results 

Of the seven groups of data sets (three groups of primary influent/tertiary effluent, four groups of 

secondary effluent/tertiary effluent), one group showed a statistically significant result for 

reduction in antibiotic concentration. The two-sample t-test for trimethoprim primary 

influent/tertiary effluent samples revealed that the treatment resulted in a 27.3 ± 24.4 ng/L 

reduction in mean concentration, with a p-value of 0.038 (statistically significant). The 

remaining groups had results with p-values varying from 0.396 - 0.951, indicating the 

concentrations were not statistically significant (Tables 8 and 9). While the mean value for most  

 

Table 8. Two-sample t test results for primary influent/tertiary effluent  

Antibiotic 

Mean reduction 

(ng/L) p-value 

ciprofloxacin 4.3 ± 32.8 0.396 

sulfamethoxazole 2.3  ± 35.7 0.448 

trimethoprim 27.3  ± 24.4 0.038 

erythromycin -- -- 

*The standard solution was not available to analyze erythromycin 

 

 

groups are positive, indicating a mean overall reduction (except erythromycin), the 95% 

confidence interval of all these antibiotics except trimethoprim includes negative removal rates. 

For erythromycin, all the samples from the secondary effluent/tertiary effluent showed 

exclusively negative removal rates, which is also illustrated in t-test results (Table 9).  
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Table 9. Two-sample t results for secondary effluent/tertiary effluent 

Antibiotic 

Mean reduction 

(ng/L) p-value 

ciprofloxacin 4.3 ± 32.8 0.718 

sulfamethoxazole -- -- 

trimethoprim 27.3 ± 24.4 0.777 

erythromycin -146.7 ± 144.9 0.951 

*No variance among sulfamethoxazole secondary concentrations -- could not run test 

 

 

To summarize, antibiotic removal rates are inconsistent and highly variable between samples of 

the same antibiotic, among different antibiotics, and on different sampling dates. The results do 

not support the hypothesis that tertiary treatment will reduce the concentration of antibiotics 

from WWTPs. However, this result has its own significance to alert environmental scientists and 

managers that WWTP tertiary treatment is not a perfect solution and still allows release of 

antibiotics into receiving waterways.  

While similar conclusions of inconsistent or negative removal rates have been found and 

supported in other studies (e.g., Blair et al., 2015; Kulkarni et al., 2017; Le-Minh et al., 2010; Xu 

et al., 2007), there are many discrepancies in study design, WWTP selection, and differences in 

local conditions.  

5. Discussion 

 

Antibiotic removal efficiency data from full-scale WWTPs are affected by a variety of factors 

related to the individual plant including facility size, type and dosage of disinfectant, antibiotics 

characteristics related to local antibiotics consumption patterns, seasonal fluctuations of 

antibiotic influents to treatment plants, and operating parameters of the various treatment 

processes. Uncertainties may also arise from sampling and analytical procedures when 
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comparing removal rates from secondary and tertiary processes. Previous research in full-scale 

WWTPs has relied upon collection of grab samples at each stage of treatment (Kulkarni et al., 

2017; Xu et al., 2007). As such, previously reported antibiotics removal rates vary significantly 

and render it difficult to conduct inter-study comparisons.  

5.1 Elimination of Antibiotics Following the Complete Treatment Process 

The average concentrations of sulfamethoxazole, trimethoprim, and ciprofloxacin were reduced 

when the complete treatment process was applied, i.e., sedimentation, activated sludge, 

chlorination, and sand filtration; however, only the reduction of trimethoprim was deemed 

statistically significant. Trimethoprim was removed with the greatest efficiency (30%), which is 

consistent with findings of Lin and Tsai (2009). The primary mechanism for trimethoprim 

removal is biodegradation, similar to that for sulfamethoxazole (Gobel et al., 2007). 

Sulfamethoxazole removal (5.5%) was markedly lower, indicating a lack of preferred microbes 

for its degradation or a stronger susceptibility of trimethoprim to tertiary treatment. In contrast to 

sulfamethoxazole and trimethoprim, ciprofloxacin removal (6%) is almost entirely attributed to 

sorption to sludge (Polesel et. al, 2006).  

Li and Zhang (2011) reported much higher removal efficiencies following primary 

through tertiary treatment in similar wastewater treatment facilities. Application of complete 

treatment with sand filtration resulted in 83 - 90% removal and with chlorination resulted in 65 - 

73% removal of the target antibiotics, compared to 5 - 30% removal at the Muncie WWTP (Li 

and Zhang, 2011). The great discrepancy between the removal efficiencies of the WWTPs may 

be due to differences in operating parameters, the presence and retransformation of antibiotic 

conjugate metabolites, or varying load volumes (Rodayan, 2014).  
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5.2 Elimination of Antibiotics Following Tertiary Treatment 

In this study, the concentrations of each antibiotic increased on average by 11 - 71% when 

tertiary treatment was applied in comparison to secondary effluents. Similar results showing 

increased antibiotic concentrations following tertiary treatment have been reported elsewhere 

(Kulkarni et al., 2017; Le-Minh et al., 2010; Xu et al., 2007; Blair et al., 2015). Meanwhile, other 

studies found chlorination to increase removal by 11 - 23% and sand filtration to increase 

removal by 4 - 24% (Li and Zhang, 2011; Alajimi, 2014; Golet et al., 2003; Giger et al., 2003). 

These apparently contradictory findings demonstrate the complexity of inter-study comparisons 

on antibiotics removal rate in WWTPs. Potential factors that may lead to inconsistencies in test 

results (which should benefit future studies) include: (1) deconjugation of conjugated 

metabolites; (2) hydrodynamic loading variation; (3) sample matrix effects; (4) statistical 

analysis; (and (5) operational conditions. 

5.2.1 Deconjugation of conjugated metabolites  

Deconjugation of conjugated metabolites may have resulted in erroneous removal efficiency 

calculations. Conjugate metabolites of antibiotics are produced during human excretion. They 

are produced to increase the polarity of the parent compound and promote excretion. Conjugate 

metabolites are able to undergo retransformation and produce their parent compounds (Polesel et 

al., 2016). The metabolites were not quantified during the analysis of antibiotic compounds; 

therefore, their presence and deconjugation may have resulted in an increase in antibiotic 

concentrations. Sulfamethoxazole conjugate metabolites, i.e., N4-acetyl-sulfamethoxazole, SMX-

N1-Glu, and SMX-2’-Glu, account for 50 - 75 % of the excreted form of the compound (Van der 

Ven et al., 1995, Vree et al., 1995) (Figure 3). Göbel et al., (2005) found that N4-acetyl-
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sulfamethoxazole accounted for 86% of the total load volume of sulfamethoxazole compounds. 

Deconjugation of N4-acetyl-sulfamethoxazole via microbial activity has been confirmed by 

multiple studies (Gobel et. al, 2005; Joss et. al, 2006; Senta et al., 2013). To account for potential 

retransformation that may occur, the conjugate metabolized must be analyzed along with the 

parent compounds and included in the removal efficiency calculation (Eq. 2); however, is rarely 

considered in studies of antibiotic removal efficiency of WWTPs. 

𝑅𝐸 (%) =
( 𝐼𝑝 + 𝐼𝑚 − 𝐸𝑝 − 𝐸𝑚  )

𝐼𝑝 + 𝐼𝑚
  ×  100%                             𝐸𝑞. 2. 

where, Ip and Im represent the concentrations of the influent parent and metabolized compounds, 

Ep and Em represent the concentrations of the effluent compounds, and RE is the antibiotic 

removal efficiency. 

Conjugated forms of ciprofloxacin (sulfo-CIP and N-formyl-CIP) may account for up to 

17% of the excreted total (Polesel et. al, 2016) (Figure 4). Although the conjugated forms of 

ciprofloxacin have retransformation potential, there is a lack of research confirming that 

microbial deconjugation will occur during wastewater treatment. It is unlikely that the increased 

concentration of trimethoprim in the current study is due to metabolite retransformation because 

~80% of the excreted amount occurs as the parent compound and 10 - 20% are oxide and 

hydroxylated metabolites not susceptible to deconjugation via microbial action (Polesel et al., 

2016). Likewise, erythromycin concentrations likely did not increase due to retransformation of 

metabolites because the major metabolites, accounting for 95% of the excreted form, are 

demethylated and N-oxide compounds which are unable to experience deconjugation (Zinner 

and Mayer 2015, Kaneko et al., 2007). As concentrations of trimethoprim and erythromycin 

increased on average by 13% and 71% respectively and deconjugation of metabolites is unlikely 
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to occur, the likely explanation is the secondary effluent and tertiary effluent grab samples were 

representative of varying primary influent load amounts of the parent compounds.  

5.2.2 Hydrodynamic loading variation 

The grab samples collected were an instantaneous representation of the antibiotic concentrations 

at a specific time and did not account for hydraulic retention time; therefore, any fluctuation in 

loading was unaccounted for. When samples were collected at the same time (primary 

influent/tertiary effluent and secondary effluent/tertiary effluent), those collected after tertiary 

treatment were representative of wastewater which completed secondary treatment several hours 

prior. As such, the samples collected may not be directly comparable. This might be one of the 

reasons that in some studies, antibiotics concentration after tertiary processes have risen in 

comparison to those measured in secondary effluents (Blair et al. 2015; Kulkarni et al. 2017; Le-

Minh et al. 2010; Xu et al. 2007). In similar studies of antibiotics removal via wastewater 

treatment, a sampling procedure that eliminates the hydrodynamic loading variation is often not 

implemented (Kulkarni et al., 2017; Xu et al., 2007).  

  Rodayan et al. (2014) determined negative removal efficiencies of micropollutants in 

wastewater when grab samples were collected and positive removal efficiencies at the same 

WWTP when samples were collected to account for hydraulic retention time. However, 

estimated time shifts may provide only an approximate reduction as regards to the effect of 

hydraulic retention time, because flow in WWTPs rarely follows plug-flow and remains in 

laminar condition. The complexity of mixing conditions and turbulence might be a reason that a 

time-shifted mass balancing approach has not been adopted in the field yet. In a time-shifted 

mass balancing sampling approach, samples are taken in consideration of the hydraulic residence 
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time of the treatment plant (Rodayan, 2014) Nonetheless, a time-shifted mass balancing 

approach at least provides a first-order approximation to offset the inaccuracies induced by 

hydraulic retention time. As such, it is suggested that: (1) composite samples be collected in 

future studies per funding availability in order to obtain reliable results; (2) a time-shifted mass 

balancing approach should be employed when sampling wastewater from different treatment 

units; and (3) pilot- or laboratory-scale studies may provide more accurate and cost-effective 

results.  

5.2.3 Sample matrix effect  

Sample preparation, extraction, and elution procedures followed established procedures 

documented in studies which focused on quantifying antibiotics in wastewater (Göbel et al., 

2007, Batt et al., 2007, Kim et al., 2005); therefore, it is hypothesized that if any deficiency 

occurred during analysis, it was the LC/MS/MS component of the procedure which had 

introduced uncertainties (Guilbault and Hjelm, 1989; Matuszewski, 2006). Compounds other 

than the analyte of interest comprise the matrix of the sample, and wastewater, with many 

constituents, has a complex sample matrix. Matrix effects are defined by IUPAC as “the 

combined effect of all components of the sample other than the analyte on the measurement of 

the quantity” (Guilbault and Hjelm, 1989).  Matrix compounds may affect the ionization of target 

compounds during LC/MS, leading to a reduction in signal. Many mechanisms may result in 

signal suppression and can be categorized as: (1) preventing the analyte from receiving charge 

during electrospray ionization; and (2) preventing the analytes from entering the gas phase 

(Panuwet et. al, 2016). Signal enhancement may also occur if the analyte more readily accepts 

the electrospray charge in the sample matrix; however, this phenomenon is uncommon in 
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analysis of wastewater samples (Gracia-Lor et al., 2012).  To account for the matrix effect in 

wastewater samples the matrix effect calculation should be used (Eq. 3) (Panuwet et al., 2016):  

𝑀𝑎𝑡𝑟𝑖𝑥 𝐸𝑓𝑓𝑒𝑐𝑡 (%) =
[𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑖𝑛 𝑒𝑥𝑡𝑟𝑎𝑐𝑡]

[𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑖𝑛 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑]
  × 100%              𝐸𝑞. 3  

In eqn. 3, area of analyte is the mean peak area of the analyte on its mass spectrum graph. A 

matrix effect < 100% indicates signal suppression, and a matrix effect > 100% indicates that 

signal enhancement occurred. When signal suppression or enhancement is suspected, Stahnke et. 

al. (2012) suggested diluting the extracted sample to reduce the matrix effect. However, even 

after diluting the sample 100-fold, Stahnke et. al. (2012) reported that the matrix effect for 

acetonitrile was still as high as 17%. Theoretically, the sample cannot be diluted too far; a limit 

exists, since the internal standard must be visible for quantification of analytes. In the tests 

conducted by Indiana State Department of Health, despite the sample being diluted, the lab 

coordinator suggested the matrix effect may have affected our results; however, the degree to 

which our results may have been affected was not revealed. 

5.2.4 Statistical analysis 

Of the seven two-sample t-tests run in this study, only one resulted in a statistically significant 

result. The assumptions listed in the Experimental Methods were followed for each of the two-

sample t-tests. The reliability of these tests may increase with an increase in sample size. 

Increasing sample size reduces the effect of random variation that may occur among the samples. 

As mentioned previously, collecting samples that are representative of the hydraulic retention 

time may limit any bias associated with variable antibiotic loading.  
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5.2.5 Other potential factors for future research considerations 

The solids retention time (SRT, i.e., the duration in which the activated sludge is treated in the 

aerator) is an operating parameter known to greatly affect antibiotic removal efficiency (Gobel et 

al., 2006; Perez et al.; 2005; Kim et al., 2005). Generally, the longer the SRT, the more diverse 

the microbial community within the activated sludge. An SRT greater than 10 days will promote 

the growth of nitrifying bacteria and ultimately increase the removal of certain pharmaceuticals 

(Kreuzinger et. al, 2004; Clara et. al, 2005). The SRT for the Muncie WWTP is 21 days; 

however, it is uncertain how this SRT may affect the removal efficiency of the antibiotics of 

interest; therefore, further studies will be needed. The size of the WWTP indirectly affects 

removal efficiency as it is directly related to the SRT (Karthikeyan and Meyer, 2006).  

The Muncie WWTP was designed with steps of disinfection with chlorine followed by 

dechlorination with sulfur dioxide prior to discharging into the adjacent White River. 

Nonetheless, chlorine residuals might still exist in the effluent. Due to the high oxidation 

capacity, chlorine residues may have significant effects on the detection of antibiotics in 

wastewater samples, which has been tested by previous studies (Alajmi 2014). 

Water is lost directly or indirectly throughout treatment processes, for example via 

evaporation, fugitive emissions of mist, and consumption in biological processes, thereby 

increasing concentrations of antibiotics. Water is consumed during processes such as reverse 

osmosis (Kang and Cao 2012). Wastewater is commonly stored in treatment lagoons where 

evaporation may cause significant water loss (Li et al. 2013). Likewise, large volumes of water 

are lost during sludge deposition (Kang and Cao 2012). As such, interpretation of concentration 

data without considering change of water volume will inevitably lead to inaccuracies. 



 
 

51 

Antibiotic concentrations may also be affected in other subtle ways during wastewater 

treatment. Some antibiotics might be released from solids during the activated sludge process. 

For example, macrolides are mainly excreted with bile and feces and are partly encapsulated in 

feces particles. Secondary treatment may subsequently release them to wastewater (Göbel et al. 

2007). As a result, antibiotic concentrations measured in filtered samples after primary treatment 

might be an underestimation of those measured in later stages. 

5.3 Suggestions for Future Research 

Studies aimed at determining the antibiotic removal efficiencies of WWTPs are suggested to take 

into consideration the potential for conjugate metabolites when analyzing influent samples. 

Sulfamethoxazole and ciprofloxacin are two examples of antibiotics with conjugate metabolites 

capable of undergoing retransformation via microbes during treatment. There is minimal 

research on the presence of conjugate metabolites in WWTP studies; however, the 

retransformation potential may be determined by researching the human metabolism pathways of 

the targeted antibiotics.  In studies where there is potential for conjugate metabolites to be 

present in influent samples, samples should be analyzed for the metabolites as well as the parent 

compounds. The removal efficiency calculations should also factor in the conjugate metabolite 

concentrations.  

Sampling procedures should account for the potential of variable influent loading 

amounts when determining the antibiotic removal efficiency of WWTPs. It is suggested that 

studies conducted to determine the removal efficiency of the entire treatment process should 

implement 24 hour composite sampling when funding is available. Composite sampling will 

serve to average influent loading amounts and provide a more accurate representation of the 
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removal efficiency than grab sampling. If a specific treatment process is being targeted, a time-

shift mass balance approach will also provide a more accurate representation of the removal 

efficiency than grab sampling. To minimize random variation and promote the potential for 

achieving statistically significant results for the reduction in antibiotic concentrations,  as many 

sampling events as reasonably possible should be conducted. This study achieved statistically 

significant results for one two sample-t test with three sampling events; therefore, it is suggested 

that future studies provide a sample size greater than three.  
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6. Summary and Conclusion 

The focus of the reported study was to determine the removal efficiencies of commonly 

prescribed antibiotics from a conventional WWTP in Muncie, Indiana. Concentrations of 

antibiotics were analyzed from (1) samples collected from primary influent and tertiary effluent, 

denoting the removal efficiency of the complete treatment processes; and (2) samples collected 

from secondary effluent and tertiary effluent, denoting the removal efficiency of the tertiary 

treatment processes.  

The concentrations of trimethoprim, sulfamethoxazole, and ciprofloxacin were reduced 

with the application of the complete treatment process at the Muncie WWTP. In comparison to 

studies conducted using similar treatment processes, i.e., complete treatment with 

chlorination/sand filtration as tertiary treatment processes, the Muncie WWTP exhibited lower 

removal efficiencies. The concentrations of trimethoprim, sulfamethoxazole, ciprofloxacin, and 

erythromycin increased from secondary effluent to tertiary effluent with application of 

chlorination and sand filtration.  

The results support previous studies suggesting a large discrepancy of removal 

efficiencies between studies and within the same studies. Treatment processes have also been 

found to increase antibiotic concentrations as was verified in this study. This study critically and 

comprehensively reviewed the potential factors leading to uncertainties in antibiotic 

concentration analysis following tertiary treatment. The factors discussed include: (1) the 

presence of conjugate metabolites; (2) variable loading patterns; (3) sample matrix effect; (4) 

interpretations of statistical analysis; and (5) other factors such as SRT, evaporation, interference 

of chlorine residues, and release of antibiotics during treatment. The reported findings and 
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discussion will help future researchers to better consider sampling and analytical procedures 

which produce data that more accurately represents WWTP antibiotic removal efficiency.  
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