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Abstract 

Global Trimethoprim (TMP) and Sulfamethoxazole (SMX) occurrences in raw wastewaters 

were systematically collected from the literature (n=140 articles) in order to assess the relevance 

of using the SMX/TMP ratio as a marker of the main origin of wastewaters. These two 

antibiotics were selected due to their frequent use in association (i.e. co-trimoxazole) in a 5:1 

ratio (SMX:TMP) for medication purposes, generating a unique opportunity to globally 

evaluate the validity of this ratio based on concentration values. Several parameters (e.g. 

sorption, biodegradation) may affect the theoretical SMX/TMP ratio. However, the collected 

data highlighted the good agreement between the theoretical ratio and the experimental one, 

especially in wastewater treatment plant influents and hospital effluents. Only livestock 

effluents displayed a very high SMX/TMP ratio, indicative of the very significant use of 

sulfonamide alone in this industry. Conversely, several countries displayed low SMX/TMP 

ratio values, highlighting local features in the human pharmacopoeia. 

This review provides new insights in order to develop an easy to handle and sound marker of 

wastewater origins (i.e. human/livestock), beyond atypical local customs. 
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1. Introduction 

The occurrence of numerous emerging contaminants in raw wastewaters has spurred the interest 

of the scientific community in further tracing the sources of the contamination of environmental 

compartments (Al Aukidy et al., 2012; Tran et al., 2014b; Verlicchi et al., 2010) and in back-

calculating their use in the catchment area (Choi et al., 2018; Kasprzyk-Hordern, 2019; Van 

Hal, 2019). Several types of usage are therefore monitored in raw wastewaters such as illicit 

drug and pharmaceutical consumption (Baz-Lomba et al., 2016; Ort et al., 2014), industrial 

inputs (Kim et al., 2017; Rousis et al., 2017), and personal care product uses (Bressy et al., 

2016; Nakada et al., 2017). This new scientific discipline, called wastewater-based (or sewage) 

epidemiology, has highlighted several patterns in the use/consumption of such compounds from 

the local to the worldwide scale (Causanilles et al., 2018; Thomas et al., 2012). Beyond the use 

of raw wastewaters as a source of information, their chemical composition is also of great 

concern in view of the insufficient removal of emerging pollutants in wastewater treatment 

plants (Grandclément et al., 2017; Patel et al., 2019; Rivera-Utrilla et al., 2013). As a result, the 

constant discharge of contaminated effluents leads to ubiquitous contamination within 

numerous environmental compartments such as rivers, groundwaters, sediments and seawaters 

(Burns et al., 2018; Gaw et al., 2014; Kümmerer, 2009; Thiebault et al., 2017a), and raises hard 

toxicological issues for living beings (Richmond et al., 2018; Saaristo et al., 2018). The fate of 

antibiotics within sewers is of particular concern due to the increase of the bacterial resistance 

and the spreading of antibiotic resistance genes (Le et al., 2018; Yi et al., 2017), mainly 

generated by both the increase in worldwide antibiotic consumption (Gelband et al., 2015; Klein 

et al., 2018) and the chronic exposure of bacterial communities to contaminated wastewaters 

(Baquero et al., 2008; Menz et al., 2019; Michael et al., 2013). 

Several markers have been developed in order to easily obtain information about wastewater 

contamination of environmental compartments (Tran et al., 2019b; Warner et al., 2019). Among 
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the targeted emerging contaminants, the use of the most resilient ones as markers has been 

assessed, i.e. Carbamazepine (Björlenius et al., 2018; Clara et al., 2004), Crotamiton (Nakada 

et al., 2008), Sucralose (Currens et al., 2019; Tran et al., 2019b) and Acesulfame (Buerge et al., 

2009). The detection of these markers in environmental samples provides direct information 

about their contamination by wastewaters, and the extent of the contamination by raw 

wastewaters can be assessed through the use of ratio between labile (e.g. Acetaminophen, 

Caffeine) and conservative contaminants (e.g. Carbamazepine, Sucralose) (Kuroda et al., 2012; 

Tran et al., 2014a). However, this type of marker alone does not provide any deeper 

information, especially about the origin of the wastewater. The use of a chemical marker is 

therefore often performed through ratio calculation between organic contaminants. Among 

antibiotics, two of them are mainly consumed in association, namely Sulfamethoxazole (SMX) 

and Trimethoprim (TMP), which have been indeed mainly consumed in one medicine, co-

trimoxazole, since 1968 (Salter, 1982), in a 5:1 ratio (SMX:TMP) allowing synergistic effects 

between the two compounds (Hitchings, 1973). Initially exclusively consumed in association 

with SMX, the consumption of TMP alone was authorized in the 1970s depending on the 

country (Tsakris et al., 1991). Currently, the global use of Sulfonamides and TMP in association 

(i.e. labelled J01E according to WHO) is the fourth highest after penicillins, macrolides and 

fluoroquinolones (Van Boeckel et al., 2014). This antimicrobial association is considered as an 

essential medicine by the World Health Organization (WHO, 2017), due to its use in the 

treatment of various infections such as pneumonia and urinary tract infection (Di Cocco et al., 

2009; Guneysel et al., 2009). Briefly, TMP is a bacteriostatic antibiotic derived from 

trimethoxybenzylpyrimidine that belongs to a group of chemotherapeutic agents known as 

inhibitors of dihydrofolate reductase, whereas SMX belongs to sulfonamides, which act as a 

dihydropteroate synthase inhibitor. The use of co-trimoxazole was initially promoted following 

the development of antimicrobial resistance to older treatments, such as β-lactam antibiotics 
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(Warren et al., 1999), and due to its higher efficiency (Fischi et al., 1988; Fox et al., 1990). 

However, the current increase in antimicrobial-resistant bacteria to co-trimoxazole (in fact, to 

TMP and SMX separately) necessitates the development of new therapeutic solutions 

(Eliopoulos and Huovinen, 2001; Talan et al., 2004). Finally, this medicine appears to be 

appropriate in the treatment of opportunistic infections in HIV-infected people (Mermin et al., 

2004; Walker et al., 2010), even if such use is currently not approved by health agencies such 

as the Food and Drug Administration (Kemnic and Coleman, 2019). Beyond their use in human 

medicine, SMX and TMP are also employed for veterinary purposes (Papich, 2016), with 

significant local variations (Boxall et al., 2002; Kemper, 2008; Sarmah et al., 2006). 

The simultaneous analysis of SMX and TMP therefore represents a unique opportunity to better 

characterize raw wastewaters, due to the precise knowledge of the initial ratios consumed, and 

given that the consumption of co-trimoxazole is much higher than that of SMX or TMP alone. 

2. Methods 

2.1. Literature search and screening 

Relevant studies for the purposes of this systematic review were identified by conducting a 

broad literature search on several databases such as Web of Science, Pubmed and Scopus, based 

on carefully selected keywords such as co-trimoxazole, sulfamethoxazole, trimethoprim, 

wastewater influents, hospitals, livestock and antibiotics. No geographical sorting or minimum 

publication date was used in order to maximize the number of publications. Only peer-reviewed 

articles (except one thesis) were selected. 

2.2. Study evaluation 

After the selection, raw data were extracted from publications provided that the following 

criteria were met: (i) both sulfamethoxazole and trimethoprim were analyzed in wastewater 

samples, (ii) both sulfamethoxazole and trimethoprim were quantified in wastewater samples 
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(as the calculation of a ratio would be not possible if only one product was quantified), (iii) the 

analysis was conducted in untreated wastewaters, namely wastewater treatment plant influents 

in general (WI, Table 1), hospital effluents (HE, Table 2) and livestock farming wastewater 

effluents (LE, Table 3). 

Consequently, studies dealing with other water compartments (i.e. river waters, ground waters) 

were not considered. 

Each study that simultaneously analyzed SMX and TMP in the targeted matrixes was used in 

this review (n=140). No sorting was carried out on the minimum amount of samples or the 

specific sampling mode, as the calculation of a ratio is independent of external conditions. From 

the studies investigated, precise information was extracted such as the location (if the town was 

not-specified, the state or less precise information was given, Table 1-3), the flow, the sampling 

mode, the amount of samples, the number of installations analyzed (if n > 1 both flow and the 

population-equivalent capacity of each installation were summed), the origin of wastewaters 

(e.g. municipal, industrial, hospital or pharmaceutical industry for WI), in order to contextualize 

each ratio. It should be mentioned here that each single ratio (derived from SMX and TMP 

concentrations) was systematically evaluated from a site point of view rather than in terms of 

chronological evolution. For example, the seasonal effect was not specifically targeted in this 

work, unlike the geographical evolution of the ratio even within a specific country. 

Statistical tests were performed to evaluate the significance of the observed variations using the 

Student t-test with chosen thresholds of 0.05, 0.01 and 0.001 (i.e. *, **, ***, respectively) for 

the resulting p-values. 

3. Theoretical ratio in wastewater influents 

3.1. Excretion 
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The calculation of the theoretical SMX/TMP ratio in raw wastewaters is mandatory for cross-

comparison with the experimental data, and results from several drivers. Among them, the first 

one is the ratio in the medicine, which is, as already mentioned, 5:1 (SMX:TMP). After 

consumption, a significant proportion of the active principles is excreted through urine. 

Excretion rates have been evaluated in different studies in both humans and pigs (Table 4). 

However, the latter were not taken into consideration due to the small number of targeted 

animals, and the strong variation in the excretion rates obtained (Nouws et al., 1991). 

As a result, only human excretion was used for the assessment of a theoretical excreted ratio. 

From the data published in the literature (Table 1), the median urinary excretion ratio of SMX 

and TMP in parent form is 20 ± 6 and 50 ± 11% respectively. By combining the extreme values 

of both, and taking into account the consumed ratio of SMX and TMP (i.e. 5:1, SMX:TMP), 

the theoretical ratio of SMX/TMP in raw wastewaters after excretion ranges between 1.1 and 

3.3, with a value of 2.0 when using median excretion ratios. 

3.2. Sorption 

After excretion, the excreted fractions of drugs are collected as so-called raw wastewaters, 

which then enter a wastewater treatment plant or are released into the environment depending 

on the technological advance of the sewer system. Yet, raw wastewaters also contain solid 

fractions, mostly organic ones but potentially minerals especially in the case of non-separated 

sewers. This type of sewer collects stormwaters, which can erode roads and/or soil particles 

prior to collection. The solid fraction can therefore play a key role in the transport of organic 

contaminants especially if the organic molecules display particular affinity with 

inorganic/organic surfaces (i.e. hydrophobic contaminants) (Quesada et al., 2014; Xing et al., 

2015). Organic and/or mineral suspended solids often present a significant cation exchange 
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capacity (Barron et al., 2009; Hyland et al., 2012; Thiebault, 2019), therefore presenting a 

potential high affinity with cationic compounds.  

Several studies have investigated the adsorption of both SMX and TMP onto suspended solids 

(Table 5). The resulting adsorption is generally presented as Kd for the solid/water partition 

coefficient (in L.kg-1), which results from the ratio between adsorbed amount and dissolved 

concentration. 

The solid/water partition coefficient values of SMX and TMP onto sludge are comparable and 

range from 3 to 427 (Table 5), corresponding to Log Kd values of 0.4 and 2.6. As a result, even 

if SMX and TMP display different speciations in raw wastewaters (i.e. SMX is mostly 

deprotonated, whereas TMP is partially neutral/protonated for pH values close to environmental 

conditions), their affinity for suspended solids appears to be limited, probably due to their weak 

lipophilicity (Log Kow = 0.48 and 0.73 for SMX and TMP respectively, Table 5). A correction 

of the theoretical excreted ratio due to sorption onto suspended solids appears to be 

inappropriate because SMX and TMP can be considered as mostly dissolved molecules (da 

Silva et al., 2011), even if several batch studies have demonstrated a higher adsorption of TMP 

than SMX onto several adsorbents (de Oliveira et al., 2018; Nielsen and Bandosz, 2016a, 

2016b). However, as these observations were not relevantly reported in environmental 

conditions, the theoretical ratio was maintained at 2.0 without considering any significant effect 

of the adsorption onto suspended solids. 

3.3. Degradation and transformation products 

Whereas adsorption onto suspended solids does not imply an alteration of the molecule 

structure, other mechanisms such as degradation (both bio- and photo-degradation) can alter 

these structures and generate transformation products (TPs), that are potentially more harmful 

than the parent compounds (Cwiertny et al., 2014; Stadler et al., 2012). First of all, even if 
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photodegradation can induce molecular degradation of both SMX and TMP (Bahnmüller et al., 

2014; Oliveira et al., 2019; Ryan et al., 2011; Trovó et al., 2009), this mechanism should not 

significantly impact SMX and TMP in raw wastewaters, as most sewer networks collect 

wastewater in pipes prior to wastewater treatment. However, the analysis of the degradation 

pathway of SMX under sunlight exposure exhibited the possibility of abiotic back-

transformation from TP (i.e. acetyl-SMX) to SMX (Bonvin et al., 2013). This phenomenon may 

have a significant impact on the precise quantification of SMX in sunlight-exposed raw 

wastewaters. 

Both TMP and SMX are considered as persistent molecules and moderately sensitive to 

biodegradation (Alexy et al., 2004; Lin and Gan, 2011), with biodegradability evaluated about 

0.006 and 0.16 according to the MITI-test (i.e. a compound is considered biodegradable if 

biodegradability > 0.5, Tunkel et al. (2000)). Yet, even if several authors have reported 

significant removal of TMP and SMX during wastewater treatment, the biodegradation is 

mostly generated by nitrifying bacteria (Mulla et al., 2018; Pérez et al., 2005). Biodegradation 

may occur during sewer transport but to a much weaker extent than during the wastewater 

treatment process (i.e. longer hydraulic residence time, stronger occurrences of nitrifying 

bacteria). Therefore, it is preferable to analyze SMX/TMP ratios in wastewaters as close as 

possible to source of emission, i.e. raw wastewaters, in order to limit the impact of 

biodegradation. Also, the biological back-transformation of metabolites to parent products (e.g. 

acetyl-SMX to SMX) may alter the proper understanding of the SMX/TMP ratio, but requires 

at least 5 days to be initiated (Nödler et al., 2012; Radke et al., 2009), and other studies did not 

observe this phenomenon even in longer experiments (Harnisch et al., 2013; Poirier-Larabie et 

al., 2016). Therefore, the theoretical SMX/TMP/ ratio used remains unaffected by the potential 

biodegradation during in-sewer transport, as a precise assessment is not possible based on the 
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literature data (Poursat et al., 2019), and appears to be less affected than the occurrence of both 

SMX and TMP. 

4. Results 

4.1. Simultaneous occurrence of SMX and TMP in raw wastewaters 

Several authors have highlighted the statistical correlation between SMX and TMP in raw 

wastewaters (e.g. Dan et al., 2013; Thiebault et al., 2019; Tran et al., 2018). This correlation 

can be clearly observed in Figure 1.  

Their concentrations in raw wastewaters range from ng L-1 to mg.L-1 and the linear regression 

gives a correlation coefficient of 0.921 and a slope of 0.635 (i.e. SMX/TMP ≈ 1.57). Yet this 

correlation coefficient is strongly influenced by the most concentrated values of both SMX and 

TMP, analyzed in a unique study (i.e. K’oreje et al., 2016). Most of the concentrations of both 

SMX and TMP detected in raw wastewaters range from 0.1 to 10 µg.L-1. In this range, the 

greatest dispersion is observed around the theoretical ratio (Figure 1). 

In order to limit the impact of local features (e.g. strongly contaminated wastewaters) and due 

to the theoretical association of SMX and TMP in a single medication, most of the results are 

hereafter assessed through the SMX/TMP ratio rather than by raw concentrations of SMXand 

TMP. By distinguishing the three main types of raw wastewaters investigated here (i.e. WI, HE 

and LE) and the calculated SMX/TMP ratio in each compartment, a specific pattern is 

noticeable (Figure 2).  

Whereas no statistically significant variation of the SMX/TMP ratio is visible between HE and 

WI, the ratio in LE is significantly different from both WI (p=0.026) and HE (p<0.001). Several 

drivers can lead to this result. First of all, LE is the least well investigated type of raw 

wastewater in the literature with only 8 values (Table 3). Second, the SMX/TMP ratio in these 

studies is significantly higher than in HE and WI (Figure 2). These higher values can be related 
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to the specific use of sulfonamides alone in veterinary medicine, which will be investigated 

further. As a result, the ratios determined in LE will not be considered in the general assessment 

of the SMX/TMP ratios in raw wastewaters but will be used as an explanatory factor for some 

atypical values. 

Between WI and HE, the lack of statistically significant variation of the SMX/TMP ratios 

(p=0.28) could indicate that the main source of the two antibiotics in these water compartments 

is the same, i.e. human consumption of co-trimoxazole. Even if a significant dispersion is 

visible in both WI and HE, most of the ratios are within the theoretical range of the SMX/TMP 

ratio, supporting the former hypothesis. The median SMX/TMP values in WI and HE are 1.93 

and 1.64 respectively, in accordance with the determined range of the theoretical ratio. Beyond 

the median values, 128 data out of the total of 282 collected, i.e. 45%, were within the 

theoretical ratio. This confirms that in most of the studies investigated, the main source of SMX 

and TMP is human medication under “normal” operations, even if many values are not within 

the theoretical range.  

4.2. Geographical features 

Beyond the origin of raw wastewaters, geographical specificities can be of great importance 

regarding a local (Causanilles et al., 2018; O’Brien et al., 2019), a national (Kolpin et al., 2002; 

Nefau et al., 2013) or even a continental (Tran et al., 2018) pattern. From a continental point of 

view, the occurrence of micropollutants has mainly been studied in three continents (i.e. North 

America, Asia and Europe, Figure 3).  

The occurrences of SMX and TMP in the raw wastewaters of Africa, South America and 

Oceania are less frequently reported in the current literature, with only 6, 6 and 7 SMX/TMP 

ratios respectively (Table 1-2). From a statistical point of view, only the statistically significant 

variations of the SMX/TMP ratio between the most frequently studied continents were therefore 
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assessed (e.g. Africa is too strongly impacted by an isolated value, generating a statistically 

significant variation with the other continents). The SMX/TMP ratios are significantly higher 

in Asia than in Europe (i.e. p<0.001) and in North America (p=0.014), whereas no statistically 

significant variations were observed between Europe and North America (p=0.35). 

Beyond these significant variations, it is however worth noting that the median SMX/TMP 

ratios are within the theoretical ratio whatever the continent studied (Figure 3). Hence, to better 

understand the dispersion of the SMX/TMP ratios within one continent, a refinement at a 

national scale was performed. As already mentioned at the continental scale, few countries 

recorded a sufficient number of data for statistical analysis to be performed. For example China 

(which is divided into China, Hong-Kong and Taiwan in this work) accounts for most data (52 

out of 96) of the Asian continent and the United States for 44 out of 47 values for the North 

American continent. Hence, it is hard to obtain a correct assessment of the statistical variation 

in these two continents. In Europe, however, several countries display a significant number of 

data, and three of them have significantly different SMX/TMP ratios. The United-Kingdom 

(UK) and Sweden present significantly lower ratios (the ratios for Norway are not significantly 

different but systematically below the theoretical ratio) than the rest of Europe, whereas Greece 

displays significantly higher SMX/TMP values (Figure 4). The median values of other 

European countries (e.g. Germany, Portugal) are within the theoretical range. 

Outside Europe, the only statistically significant variation is for China, which displays 

significantly higher SMX/TMP ratios than the rest of Asia (Figure 4). 

4.3. Consumption data 

Prior to discussing the results, consumption (both veterinary and human) data were gathered in 

order to better understand local features (Table 6). Several consumption data are reported in the 

scientific literature or through the release of annual reports at various scales. However, most of 
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them provide the annual consumption of SMX and TMP in ddd (i.e. daily defined dose, even if 

the posology of SMX/TMP exists in various doses) or grouped under the general term 

“sulfonamides/trimethoprim derivatives” or J01E (Goossens et al., 2007; Grave et al., 2012; 

Wierup et al., 1987), for which the distinction between SMX and other sulfonamides or even 

TMP was not possible. Several articles also back-calculated the consumption of SMX and TMP 

through sewage epidemiology (Thiebault et al., 2017b; Zhang et al., 2019). Yet, the assessment 

of the consumption through sewage epidemiology derived from wastewater concentrations, 

which are the same data that are used for the calculation of SMX/TMP ratios. As a result, 

compare consumption and SMX/TMP ratios derived from the same data would be purposeless, 

that’s why the consumption derived from sewage epidemiology will not be discussed hereafter. 

Accordingly, only reported data providing SMX and TMP use separately and specifically were 

used for the cross comparison (Table 6). 

Whatever the country, most of the annual Human consumption data reported SMX/TMP 

consumed ratios between 3 and 5 (Table 6). This consumed ratio results in an excreted ratio 

between 1.2 and 2, within the theoretical range calculated in Table 4, thus confirming that in 

those countries, SMX and TMP are mostly consumed in association. However, several 

consumed ratios are outside this range.  

This is systematically the case for veterinary consumption reports, in which the consumed 

SMX/TMP ratio is below 2, indicating that a significant amount of TMP is consumed alone (or 

in association with another sulfonamide such as sulfamethazine). Likewise, the reported 

consumed SMX/TMP ratios in human medication in Norway, Sweden, and the UK are very 

low (< 0.5), indicating a discrepancy between these countries and the rest of the world. Lastly, 

China displays an atypical pattern with an insignificant use of SMX in comparison to the use 

of TMP (Zhang et al., 2015). However, another study back-calculated a consumed SMX/TMP 

ratio of 2.93 in the Beijing region (Zhang et al., 2019), casting doubt on the former evaluation. 
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Conversely, the veterinary use data display low SMX/TMP ratios, ranging from 0 to 1.95 (Table 

6). This may indicate that for veterinary purposes, another TMP/sulfonamide (such as 

TMP/sulfamethazine for example) association may be preferred (Jia et al., 2017; Kim et al., 

2011).  

5. Discussion 

5.1. Comparison between LE and consumption data 

As discussed above, LE present significantly higher SMX/TMP ratios than HE and WI (or even 

non-detectable TMP concentrations as in Ekpeghere et al. (2017) and Sim et al. (2013)). 

However, the annual use reports from various countries provide lower SMX/TMP ratios than 

expected (Table 6). Hence, there is a discrepancy between the observed occurrences of both 

TMP and SMX in LE and their uses according to annual reports. Several explanations can be 

put forward for this discrepancy.  

The first major difference between human and veterinary assessment of SMX/TMP ratios can 

be the excretion ratios, which can differ between humans and livestock. For example, the only 

study reporting the excretion ratio of TMP and SMX in pigs found a TMP excretion ratio that 

was half that of the human values (Nouws et al., 1991). However, this explanation is not 

sufficient by itself to explain the variation between the theoretical use ratio (i.e. < 1) and the 

experimental ratios in LE (i.e. mean SMX/TMP value = 27.3). 

It is therefore highly likely that SMX is used alone, especially in the countries in question (i.e. 

Asian countries, Table 3). It is worth noting that in general, the contamination by livestock itself 

(i.e. shrimp) is mostly generated by SMX and can lead to import refusals (Southern Shrimp 

Alliance, 2017).  

The use of SMX alone has been discussed, for example in Vietnam (Le and Munekage, 2004; 

Thuy et al., 2011), in which not only SMX/TMP may be used. The illegal importation of 
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antibiotics from neighboring countries was also documented (Chi et al., 2017), and can lead to 

significant errors in annual reported consumption, as well as the fact that antibiotics are readily 

available, without doctor prescription (Le et al., 2018; Tran et al., 2019a). Few studies have 

been conducted out of Asia on LE antibiotic contamination. Yet, although in those countries 

the reported SMX/TMP ratio is very low (Table 3), only SMX is significantly detected in LE 

as in the USA (Watanabe et al., 2010) or Germany (Bailey et al., 2015). 

As a result, there is no clear explanation for the very significant SMX contamination of LE in 

comparison to TMP contamination, except the illegal and unrecorded use of SMX alone. As 

the latter antibiotic is mostly used for human purposes, it is highly possible that a portion of 

SMX is diverted from its original use for veterinary purposes. Also lacking in the current 

literature is a precise assessment of LE contamination in Europe and North America, which 

have, on the contrary, been extensively studied regarding WI and HE contamination levels. 

From the reported environmental occurrences of both TMP and SMX, it is possible that the 

mixing between LE and WI increases the SMX/TMP ratio of the latter. 

5.2. Atypical SMX/TMP patterns in WI and HE 

Several countries display statistically significantly different SMX/TMP ratios in comparison to 

their neighbors (Figure 4). Hence, before discussing the availability of the SMX/TMP ratio as 

a marker in raw wastewaters, it is necessary to contextualize these local features according to 

several drivers such as the national health system or the prophylactic recommendations. 

5.2.1. SMX/TMP ratios in WI and HE below the theoretical value 

Overall, 80 SMX/TMP ratios, i.e. 28% of the collected samples, were below the theoretical 

range (Figure 5). Some countries display significantly lower values than the theoretical ones, 

i.e. the UK and Sweden, and the values reported in Norway are systematically below the 

theoretical ones (Figure 4). It is worth noting that the reported ratios for the consumption of 
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SMX and TMP for those countries are in agreement with the ratios analyzed in WI and HE, as 

the consumed SMX/TMP ratios are 0.19, 0.16 and 0.32 in the UK, Sweden and Norway 

respectively (Table 6). These values can be explained by the fact that in these countries, TMP 

is not only consumed in association with SMX, but also alone (Ashton et al., 2004; Dolk et al., 

2018; NORM/NORM-VET, 2017; Östholm-Balkhed et al., 2010). For example, in the UK, the 

use of TMP alone represents more than three times the use of SMX/TMP in combination 

(ECDC, 2018), even if the rapid growth of TMP resistant-bacteria (UK-VARSS, 2018) has 

modified the prophylaxis of uncomplicated urinary tract infection, nitrofurantoin being now 

preferred to TMP (Public Health England, 2018a, 2018b). Exactly the same pattern is currently 

in progress in Norway and Sweden as the use of TMP alone constantly decreasing while 

nitrofurantoin use is increasing. For example, the consumption of TMP alone decreased from 

0.52 to 0.28 ddd.1000inh-1.day-1 between 2001 and 2009 in Sweden, whereas the consumption 

of nitrofurantoin increased from 0.12 to 0.32 ddd.1000inh-1.day-1 at the same time (Östholm-

Balkhed et al., 2010). The same pattern is occurring in the Netherlands (NethMap, 2017), 

although in Norway, the consumption of TMP alone is constantly decreasing (i.e. from 0.74 to 

0.38 ddd.1000inh-1.day-1 between 2003 and 2016 according to NORM/NORM-VET (2017, 

2012)) without any significant increase in nitrofurantoin consumption. These results highlight 

two drivers that are hard to address worldwide: first, the temporal change in antibiotic 

consumption behaviors, as it is not fixed in time, and second, the key role played by the health 

authorities in their recommendations for the use of a specific product. For example, SMX/TMP 

ratios in the USA are very variable and 18 ratios were below the theoretical range. Yet, the 

consumption of TMP alone was popular until 2012 since when the use of TMP alone has 

become marginal (ClinCalc Database, 2019). Before 2012, 52% (16 out of 31) of the collected 

ratios were below the theoretical value whereas this percentage fell to 15% after 2013 (2 out of 
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13). As a result, even if some precautions have to be taken at the scale of the USA, the switch 

in the consumption of TMP alone was recorded in the wastewaters. 

Lastly, it appears that SMX/TMP ratios resulted from the consumption of both TMP alone and 

co-trimoxazole. as, Yet, it is possible to estimate the fraction of TMP consumed alone (Figure 

6) based on the consumption data (Coenen et al., 2011) and the ddd of TMP and co-trimoxazole 

(WHOCC - ATC/DDD Index, 2019). A very good correlation was found (i.e., 0.86 Figure 6) 

using only those countries for which consumption data were available, highlighting the 

statistical link between the experimental ratio and the relative consumption of TMP alone. 

5.2.2. SMX/TMP ratios in WI and HE over theoretical value 

Overall, 74 SMX/TMP ratios, i.e. 26% of the collected samples, were over the theoretical range 

(Figure 4). Among these ratios, China and Greece are the two countries that exhibit significantly 

higher SMX/TMP ratios than both the theoretical value and the ratios in the neighboring 

countries. However, the drivers leading to these results are different. Greece is the largest 

consumer of antibiotics worldwide (Ferech et al., 2006; Machowska and Stålsby Lundborg, 

2019), whereas the antibiotic consumption in China is “moderate” (in comparison with 

European countries), albeit rapidly growing (Van Boeckel et al., 2014). 

The antibiotic consumption in Greece was also largely impacted by the economic crisis in the 

2010s (Thomaidis et al., 2016), leading to a general decrease in antibiotic consumption. The 

crisis also generated an increase in illegal imports and self-medication (Kourlaba et al., 2016; 

Plachouras et al., 2010; Skliros et al., 2010). As a result of these misuses, antibiotic-resistant 

bacteria now represent a serious health problem as the occurrence of carbapanem-resistant 

bacteria is rapidly growing (Galani et al., 2018; Plachouras et al., 2010). According to Tsakris 

et al. (1991), SMX/TMP is the only product containing TMP that is consumed in Greece. Even 

if this study is quite old, this result is further confirmed by the ECDC antimicrobial consumption 
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monitoring program, in which no consumption of TMP alone has been revealed in Greece since 

the beginning of this program in 1997 (ECDC Database, 2019). It is therefore highly possible 

that illegal imports and self-medication of unrecorded products are the best explanation of this 

atypical ratio, higher than the theoretical one. 

China represents a particular case of antibiotic consumption as although some overuse for 

human medication is recorded (Hvistendahl, 2012), more than half of the yearly consumption 

of antibiotic is used for livestock production (Xie et al., 2018). Pigs are particularly concerned 

by antibiotic use, as half of the worldwide pig production and consumption is located in China 

(Larson, 2015). The massive use of antibiotics to prevent disease and promote growth currently 

generates critical issues of antimicrobial resistance in China (He et al., 2016; Hou et al., 2015). 

The transfer of antibiotic and antimicrobial resistance from food to people has for example 

already been demonstrated (Wang et al., 2019). 

Focusing on the SMX/TMP ratio, its median value is higher than the theoretical value (Figure 

4) even if the consumption data reported higher TMP consumption (Table 6). Hence, as is the 

case in Greece, there is a discrepancy between experimental data and consumption data. 

However, in the case of China, as the amount of livestock is very high, and the use of SMX 

alone in their treatment may be very extensive, the mixing between WI and LE may increase 

the SMX/TMP ratio determined in WI. Yet, several studies also reported very high SMX/TMP 

ratios in HE (Chang et al., 2010; Li et al., 2015), indicating that the use of SMX alone may also 

be significant in human medication only. As the consumption of antibiotics in China is not 

precisely monitored, further assumptions are necessarily speculative. Nevertheless, the huge 

use of antibiotics in livestock production could be one of the main drivers leading to the higher 

than theoretical SMX/TMP ratios, as in this study, 31% of the SMX/TMP ratios above the 

theoretical range were found to be located in China. 
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5.3. Potential of SMX/TMP ratio to be used as a marker 

According to the general definition, a marker should meet two principal criteria, i.e. source 

specificity and a conservative behavior (Eganhouse, 1997). Beyond these two criteria, the 

definition has been enriched by a third one, quantification of the magnitude of the pollution 

(Kahle et al., 2009; Takada et al., 1997). Both the quantification of the occurrences of TMP and 

SMX and the use of the SMX/TMP ratio meet these criteria. TMP and SMX are found to be 

persistent within environmental compartments, i.e. from raw wastewaters to natural 

environments, and the use of the SMX/TMP ratio makes it possible to specify the main source 

of wastewaters. The collected data indeed highlighted that the median SMX/TMP ratio in each 

country in both HE and WI is close to the theoretical one except in several countries such as 

the UK, Sweden, Greece and China. In these countries, local features have been evidenced, 

such as particular medical use of TMP alone or contamination of WI by LE. Beyond these local 

features, the ratios in WI and HE are in most cases in agreement with the theoretical value, 

meaning that the SMX/TMP ratio can be used as a marker of the main origin of wastewaters. It 

should be pointed out that one of the main particularities of this ratio is that the proportion of 

SMX and TMP used in human medication is similar worldwide (if we except several European 

countries, in which the SMX/TMP ratios are found to be proportional with the use of TMP 

alone), allowing its use at a global scale. Hence, unlike other chemical markers that require in 

-depth knowledge of the catchment studied (McCance et al., 2018; Warner et al., 2019), the 

SMX/TMP ratio is suitable for the evaluation of the main origin of wastewaters by comparison 

to the theoretical value calculated here. 

Based on the collected data, the following assumptions can be made. In the raw wastewaters 

sampled, (i) the main origin of SMX and TMP is human consumption/excretion of co-

trimoxazole when the SMX/TMP ratio is between 1.1 and 3.3; (ii) for SMX/TMP values over 

this range, a mixing with livestock wastewaters is very likely, and the level of the ratio can 
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indicate the extent of this mixing; (iii) for SMX/TMP ratios below the theoretical range, the 

consumption/excretion of TMP alone is present within the catchment, and can be estimated in 

comparison with countries with an atypical TMP consumption such as the UK and Finland 

(Coenen et al., 2011). 

Finally, significant gaps in the literature have been found, especially concerning the occurrences 

of TMP and SMX in LE out of Asia. The discrepancy between the calculated ratios and the 

reported annual consumption represents a major challenge for the scientific community in that, 

beyond the two targeted antibiotics, the contamination generated by LE needs to be better 

characterized. Moreover, assessing the SMX/TMP ratio after wastewater treatment would is a 

matter of great concern, in order to estimate the suitability of this marker within environmental 

compartments. 

6. Conclusion 

This study evaluated the potential of the SMX/TMP ratio in raw wastewaters to act as a marker 

of their origin. From the results, it was highlighted that hospital effluents and wastewater 

treatment plant influents presented similar SMX/TMP footprints, whereas livestock effluents 

displayed higher SMX/TMP ratios, due to the use of SMX alone. This use of SMX or TMP 

alone was reflected in raw wastewaters of several countries, which presented atypical 

SMX/TMP values, outside the theoretical range, generated by the continuing of the use of TMP 

alone in the human pharmacopoeia (i.e. UK, Sweden) or by the overuse of illegal imports of 

SMX. 

Therefore, the SMX/TMP ratio, due to its worldwide distribution, displays a significant 

potential to be used as a marker of the main origin of wastewaters especially the mixing with 

other sources, such as livestock effluents, and to characterize the extent of the consumption of 

TMP alone. Finally, in raw wastewaters, a SMX/TMP ratio between 1.1 and 3.3 signifies that 
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human consumption/excretion of co-trimoxazole is the main origin of the wastewater 

contamination. 

Acknowledgements 

E. Rowley-Jolivet is warmly thanked for the improvement of the language of the manuscript. 

Two anonymous reviewers are gratefully acknowledged for their insightful comments. 

 

References 

Abegglen, C., Joss, A., McArdell, C.S., Fink, G., Schlüsener, M.P., Ternes, T.A., Siegrist, H., 
2009. The fate of selected micropollutants in a single-house MBR. Water Res. 43, 2036–
2046. https://doi.org/10.1016/j.watres.2009.02.005 

Afonso-Olivares, C., Čadková, T., Sosa-Ferrera, Z., Santana-Rodríguez, J.J., Nováková, L., 
2017a. Simplified solid-phase extraction procedure combined with liquid 
chromatography tandem–mass spectrometry for multiresidue assessment of 
pharmaceutical compounds in environmental liquid samples. J. Chromatogr. A 1487, 
54–63. https://doi.org/10.1016/j.chroma.2017.01.059 

Afonso-Olivares, C., Sosa-Ferrera, Z., Santana-Rodríguez, J.J., 2017b. Occurrence and 
environmental impact of pharmaceutical residues from conventional and natural 
wastewater treatment plants in Gran Canaria (Spain). Sci. Total Environ. 599–600, 934–
943. https://doi.org/10.1016/j.scitotenv.2017.05.058 

Al Aukidy, M., Verlicchi, P., Jelic, A., Petrovic, M., Barcelò, D., 2012. Monitoring release of 
pharmaceutical compounds: Occurrence and environmental risk assessment of two 
WWTP effluents and their receiving bodies in the Po Valley, Italy. Sci. Total Environ. 
438, 15–25. https://doi.org/10.1016/j.scitotenv.2012.08.061 

Alexy, R., Kümpel, T., Kümmerer, K., 2004. Assessment of degradation of 18 antibiotics in the 
Closed Bottle Test. Chemosphere 57, 505–512. 
https://doi.org/10.1016/j.chemosphere.2004.06.024 

Anumol, T., Vijayanandan, A., Park, M., Philip, L., Snyder, S.A., 2016. Occurrence and fate of 
emerging trace organic chemicals in wastewater plants in Chennai, India. Environ. Int. 
92–93, 33–42. https://doi.org/10.1016/j.envint.2016.03.022 

Ashton, D., Hilton, M., Thomas, K.V., 2004. Investigating the environmental transport of 
human pharmaceuticals to streams in the United Kingdom. Sci. Total Environ. 333, 
167–184. https://doi.org/10.1016/j.scitotenv.2004.04.062 

BAFU, 2011. Beurteilungskonzept für organische Spurenstoffe aus kommunalem Abwasser. 
EAWAG, Dübendorf, Switzerland. 

BAFU, 2009. Mikroverunreinigungen in den Gewässern. EAWAG, Dübendorf, Switzerland. 
Bahnmüller, S., von Gunten, U., Canonica, S., 2014. Sunlight-induced transformation of 

sulfadiazine and sulfamethoxazole in surface waters and wastewater effluents. Water 
Res. 57, 183–192. https://doi.org/10.1016/j.watres.2014.03.019 

Bailey, C., Spielmeyer, A., Frings, R.M., Hamscher, G., Schüttrumpf, H., 2015. From 
agricultural fields to surface water systems: the overland transport of veterinary 



21 
 

antibiotics. J. Soils Sediments 15, 1630–1634. https://doi.org/10.1007/s11368-015-
1140-4 

Baquero, F., Martínez, J.-L., Cantón, R., 2008. Antibiotics and antibiotic resistance in water 
environments. Curr. Opin. Biotechnol. 19, 260–265. 
https://doi.org/10.1016/j.copbio.2008.05.006 

Barron, L., Havel, J., Purcell, M., Szpak, M., Kelleher, B., Paull, B., 2009. Predicting sorption 
of pharmaceuticals and personal care products onto soil and digested sludge using 
artificial neural networks. Analyst 134, 663–670. https://doi.org/10.1039/B817822D 

Batt, A.L., Kim, S., Aga, D.S., 2007. Comparison of the occurrence of antibiotics in four full-
scale wastewater treatment plants with varying designs and operations. Chemosphere 
68, 428–435. https://doi.org/10.1016/j.chemosphere.2007.01.008 

Baz-Lomba, J.A., Salvatore, S., Gracia-Lor, E., Bade, R., Castiglioni, S., Castrignanò, E., 
Causanilles, A., Hernandez, F., Kasprzyk-Hordern, B., Kinyua, J., McCall, A.-K., van 
Nuijs, A., Ort, C., Plósz, B.G., Ramin, P., Reid, M., Rousis, N.I., Ryu, Y., de Voogt, P., 
Bramness, J., Thomas, K., 2016. Comparison of pharmaceutical, illicit drug, alcohol, 
nicotine and caffeine levels in wastewater with sale, seizure and consumption data for 
8 European cities. BMC Public Health 16, 1035. https://doi.org/10.1186/s12889-016-
3686-5 

Behera, S.K., Kim, H.W., Oh, J.-E., Park, H.-S., 2011. Occurrence and removal of antibiotics, 
hormones and several other pharmaceuticals in wastewater treatment plants of the 
largest industrial city of Korea. Sci. Total Environ. 409, 4351–4360. 
https://doi.org/10.1016/j.scitotenv.2011.07.015 

Belvet-SAC, 2018. Belgian Veterinary Surveillance of Antibacterial Consumption National 
consumption Report 2018. Ghent, Belgium. 

Ben, W., Zhu, B., Yuan, X., Zhang, Y., Yang, M., Qiang, Z., 2018. Occurrence, removal and 
risk of organic micropollutants in wastewater treatment plants across China: 
Comparison of wastewater treatment processes. Water Res. 130, 38–46. 
https://doi.org/10.1016/j.watres.2017.11.057 

Bendz, D., Paxéus, N.A., Ginn, T.R., Loge, F.J., 2005. Occurrence and fate of pharmaceutically 
active compounds in the environment, a case study: Höje River in Sweden. J. Hazard. 
Mater. 122, 195–204. https://doi.org/10.1016/j.jhazmat.2005.03.012 

Besse, J.-P., Kausch-Barreto, C., Garric, J., 2008. Exposure Assessment of Pharmaceuticals and 
Their Metabolites in the Aquatic Environment: Application to the French Situation and 
Preliminary Prioritization. Hum. Ecol. Risk Assess. Int. J. 14, 665–695. 
https://doi.org/10.1080/10807030802235078 

Birošová, L., Mackuľak, T., Bodík, I., Ryba, J., Škubák, J., Grabic, R., 2014. Pilot study of 
seasonal occurrence and distribution of antibiotics and drug resistant bacteria in 
wastewater treatment plants in Slovakia. Sci. Total Environ. 490, 440–444. 
https://doi.org/10.1016/j.scitotenv.2014.05.030 

Björlenius, B., Ripszám, M., Haglund, P., Lindberg, R.H., Tysklind, M., Fick, J., 2018. 
Pharmaceutical residues are widespread in Baltic Sea coastal and offshore waters – 
Screening for pharmaceuticals and modelling of environmental concentrations of 
carbamazepine. Sci. Total Environ. 633, 1496–1509. 
https://doi.org/10.1016/j.scitotenv.2018.03.276 

Blair, B.D., Crago, J.P., Hedman, C.J., Treguer, R.J.F., Magruder, C., Royer, L.S., Klaper, R.D., 
2013. Evaluation of a model for the removal of pharmaceuticals, personal care products, 
and hormones from wastewater. Sci. Total Environ. 444, 515–521. 
https://doi.org/10.1016/j.scitotenv.2012.11.103 

Blair, B.D., Nikolaus, A., Hedman, C.J., Klaper, R.D., Grundl, T., 2015. Evaluating the 
degradation, sorption, and negative mass balances of pharmaceuticals and personal care 



22 
 

products during wastewater treatment. Chemosphere 134, 395–401. 
https://doi.org/10.1016/j.chemosphere.2015.04.078 

Bonvin, F., Omlin, J., Rutler, R., Schweizer, W.B., Alaimo, P.J., Strathmann, T.J., McNeill, K., 
Kohn, T., 2013. Direct Photolysis of Human Metabolites of the Antibiotic 
Sulfamethoxazole: Evidence for Abiotic Back-Transformation. Environ. Sci. Technol. 
47, 6746–6755. https://doi.org/10.1021/es303777k 

Botero-Coy, A.M., Martínez-Pachón, D., Boix, C., Rincón, R.J., Castillo, N., Arias-Marín, L.P., 
Manrique-Losada, L., Torres-Palma, R., Moncayo-Lasso, A., Hernández, F., 2018. ‘An 
investigation into the occurrence and removal of pharmaceuticals in Colombian 
wastewater.’ Sci. Total Environ. 642, 842–853. 
https://doi.org/10.1016/j.scitotenv.2018.06.088 

Boxall, A.B.A., Fogg, L., Blackwell, P.A., Kay, P., Pemberton, E.J., 2002. Review of veterinary 
medicines in the environment. Environment Agency Bristol, UK. 

Brenner, C.G.B., Mallmann, C.A., Arsand, D.R., Mayer, F.M., Martins, A.F., 2011. 
Determination of Sulfamethoxazole and Trimethoprim and Their Metabolites in 
Hospital Effluent. CLEAN – Soil Air Water 39, 28–34. 
https://doi.org/10.1002/clen.201000162 

Bressy, A., Carré, C., Caupos, É., de Gouvello, B., Deroubaix, J.-F., Deutsch, J.-C., Mailler, 
R., Marconi, A., Neveu, P., Paulic, L., Pichon, S., Rocher, V., Severin, I., Soyer, M., 
Moilleron, R., 2016. Cosmet’eau—Changes in the personal care product consumption 
practices: from whistle-blowers to impacts on aquatic environments. Environ. Sci. 
Pollut. Res. 23, 13581–13584. https://doi.org/10.1007/s11356-016-6794-y 

Brown, K.D., Kulis, J., Thomson, B., Chapman, T.H., Mawhinney, D.B., 2006. Occurrence of 
antibiotics in hospital, residential, and dairy effluent, municipal wastewater, and the Rio 
Grande in New Mexico. Sci. Total Environ. 366, 772–783. 
https://doi.org/10.1016/j.scitotenv.2005.10.007 

Buerge, I.J., Buser, H.-R., Kahle, M., Müller, M.D., Poiger, T., 2009. Ubiquitous Occurrence 
of the Artificial Sweetener Acesulfame in the Aquatic Environment: An Ideal Chemical 
Marker of Domestic Wastewater in Groundwater. Environ. Sci. Technol. 43, 4381–
4385. https://doi.org/10.1021/es900126x 

Burns, E.E., Carter, L.J., Kolpin, D.W., Thomas-Oates, J., Boxall, A.B.A., 2018. Temporal and 
spatial variation in pharmaceutical concentrations in an urban river system. Water Res. 
137, 72–85. https://doi.org/10.1016/j.watres.2018.02.066 

Camacho-Muñoz, D., Martín, J., Santos, J.L., Aparicio, I., Alonso, E., 2014. Concentration 
evolution of pharmaceutically active compounds in raw urban and industrial 
wastewater. Chemosphere 111, 70–79. 
https://doi.org/10.1016/j.chemosphere.2014.03.043 

Carballa, M., Omil, F., Lema, J.M., 2008. Comparison of predicted and measured 
concentrations of selected pharmaceuticals, fragrances and hormones in Spanish 
sewage. Chemosphere 72, 1118–1123. 
https://doi.org/10.1016/j.chemosphere.2008.04.034 

Cardenas, M.A.R., Ali, I., Lai, F.Y., Dawes, L., Thier, R., Rajapakse, J., 2016. Removal of 
micropollutants through a biological wastewater treatment plant in a subtropical 
climate, Queensland-Australia. J. Environ. Health Sci. Eng. 14, 14. 
https://doi.org/10.1186/s40201-016-0257-8 

Causanilles, A., Rojas Cantillano, D., Emke, E., Bade, R., Baz-Lomba, J.A., Castiglioni, S., 
Castrignanò, E., Gracia-Lor, E., Hernández, F., Kasprzyk-Hordern, B., Kinyua, J., 
McCall, A.-K., van Nuijs, A.L.N., Plósz, B.G., Ramin, P., Rousis, N.I., Ryu, Y., 
Thomas, K.V., de Voogt, P., 2018. Comparison of phosphodiesterase type V inhibitors 



23 
 

use in eight European cities through analysis of urban wastewater. Environ. Int. 115, 
279–284. https://doi.org/10.1016/j.envint.2018.03.039 

Chang, H., Hu, J., Asami, M., Kunikane, S., 2008. Simultaneous analysis of 16 sulfonamide 
and trimethoprim antibiotics in environmental waters by liquid chromatography–
electrospray tandem mass spectrometry. J. Chromatogr. A 1190, 390–393. 
https://doi.org/10.1016/j.chroma.2008.03.057 

Chang, X., Meyer, M.T., Liu, X., Zhao, Q., Chen, H., Chen, J., Qiu, Z., Yang, L., Cao, J., Shu, 
W., 2010. Determination of antibiotics in sewage from hospitals, nursery and slaughter 
house, wastewater treatment plant and source water in Chongqing region of Three 
Gorge Reservoir in China. Environ. Pollut. 158, 1444–1450. 
https://doi.org/10.1016/j.envpol.2009.12.034 

Chi, T.T.K., Clausen, J.H., Van, P.T., Tersbøl, B., Dalsgaard, A., 2017. Use practices of 
antimicrobials and other compounds by shrimp and fish farmers in Northern Vietnam. 
Aquac. Rep. 7, 40–47. https://doi.org/10.1016/j.aqrep.2017.05.003 

Choi, K., Kim, Y., Park, J., Park, C.K., Kim, M., Kim, H.S., Kim, P., 2008. Seasonal variations 
of several pharmaceutical residues in surface water and sewage treatment plants of Han 
River, Korea. Sci. Total Environ. 405, 120–128. 
https://doi.org/10.1016/j.scitotenv.2008.06.038 

Choi, P.M., Tscharke, B.J., Donner, E., O’Brien, J.W., Grant, S.C., Kaserzon, S.L., Mackie, R., 
O’Malley, E., Crosbie, N.D., Thomas, K.V., Mueller, J.F., 2018. Wastewater-based 
epidemiology biomarkers: Past, present and future. TrAC Trends Anal. Chem. 105, 
453–469. https://doi.org/10.1016/j.trac.2018.06.004 

Choi, Y.-J., Kim, L.-H., Zoh, K.-D., 2016. Removal characteristics and mechanism of 
antibiotics using constructed wetlands. Ecol. Eng. 91, 85–92. 
https://doi.org/10.1016/j.ecoleng.2016.01.058 

Clara, M., Strenn, B., Kreuzinger, N., 2004. Carbamazepine as a possible anthropogenic marker 
in the aquatic environment: investigations on the behaviour of Carbamazepine in 
wastewater treatment and during groundwater infiltration. Water Res. 38, 947–954. 
https://doi.org/10.1016/j.watres.2003.10.058 

ClinCalc Database [WWW Document], n.d. URL https://clincalc.com/DrugStats/ (accessed 
11.6.19). 

Coenen, S., Adriaenssens, N., Versporten, A., Muller, A., Minalu, G., Faes, C., Vankerckhoven, 
V., Aerts, M., Hens, N., Molenberghs, G., Goossens, H., 2011. European Surveillance 
of Antimicrobial Consumption (ESAC): outpatient use of tetracyclines, sulphonamides 
and trimethoprim, and other antibacterials in Europe (1997–2009). J. Antimicrob. 
Chemother. 66, vi57–vi70. https://doi.org/10.1093/jac/dkr458 

Collado, N., Rodriguez-Mozaz, S., Gros, M., Rubirola, A., Barceló, D., Comas, J., Rodriguez-
Roda, I., Buttiglieri, G., 2014. Pharmaceuticals occurrence in a WWTP with significant 
industrial contribution and its input into the river system. Environ. Pollut. 185, 202–
212. https://doi.org/10.1016/j.envpol.2013.10.040 

Currens, B.J., Hall, A.M., Brion, G.M., Fryar, A.E., 2019. Use of acetaminophen and sucralose 
as co-analytes to differentiate sources of human excreta in surface waters. Water Res. 
157, 1–7. https://doi.org/10.1016/j.watres.2019.03.023 

Cwiertny, D.M., Snyder, S.A., Schlenk, D., Kolodziej, E.P., 2014. Environmental Designer 
Drugs: When Transformation May Not Eliminate Risk. Environ. Sci. Technol. 48, 
11737–11745. https://doi.org/10.1021/es503425w 

da Silva, B.F., Jelic, A., López-Serna, R., Mozeto, A.A., Petrovic, M., Barceló, D., 2011. 
Occurrence and distribution of pharmaceuticals in surface water, suspended solids and 
sediments of the Ebro river basin, Spain. Chemosphere 85, 1331–1339. 
https://doi.org/10.1016/j.chemosphere.2011.07.051 



24 
 

Dan, A., Yang, Y., Yu-nv, D., Chun-xing, C., Su-yu, W., Ran, T., 2013. Removal and factors 
influencing removal of sulfonamides and trimethoprim from domestic sewage in 
constructed wetlands. Bioresour. Technol. 146, 363–370. 
https://doi.org/10.1016/j.biortech.2013.07.050 

Dasenaki, M.E., Thomaidis, N.S., 2015. Multianalyte method for the determination of 
pharmaceuticals in wastewater samples using solid-phase extraction and liquid 
chromatography–tandem mass spectrometry. Anal. Bioanal. Chem. 407, 4229–4245. 
https://doi.org/10.1007/s00216-015-8654-x 

de Oliveira, T., Fernandez, E., Fougère, L., Destandau, E., Boussafir, M., Sohmiya, M., 
Sugahara, Y., Guégan, R., 2018. Competitive association of antibiotics with a clay 
mineral and organoclay derivatives as a control of their lifetimes in the environment. 
ACS Omega 3, 15332–15342. https://doi.org/10.1021/acsomega.8b02049 

Di Cocco, P., Orlando, G., Bonanni, L., D’Angelo, M., Clemente, K., Greco, S., Gravante, G., 
Madeddu, F., Scelzo, C., Famulari, A., Pisani, F., 2009. A Systematic Review of Two 
Different Trimetoprim–Sulfamethoxazole Regimens Used to Prevent Pneumocystis 
jirovecii and No Prophylaxis at All in Transplant Recipients: Appraising the Evidence. 
Transplant. Proc. 41, 1201–1203. https://doi.org/10.1016/j.transproceed.2009.03.004 

Dinh, Q., Moreau-Guigon, E., Labadie, P., Alliot, F., Teil, M.-J., Blanchard, M., Eurin, J., 
Chevreuil, M., 2017. Fate of antibiotics from hospital and domestic sources in a sewage 
network. Sci. Total Environ. 575, 758–766. 
https://doi.org/10.1016/j.scitotenv.2016.09.118 

Dinh, Q.-T., 2012. Transferts et comportements d’antibiotiques à l’échelle du bassin versant 
élémentaire (thesis). Paris 6. 

Dolk, F.C.K., Pouwels, K.B., Smith, D.R.M., Robotham, J.V., Smieszek, T., 2018. Antibiotics 
in primary care in England: which antibiotics are prescribed and for which conditions? 
J. Antimicrob. Chemother. 73, ii2–ii10. https://doi.org/10.1093/jac/dkx504 

Dollery, C.S., 1991. Therapeutic drugs. Churchill Livingstone, Edinburgh, UK. 
DrugBank [WWW Document], n.d. URL http://www.drugbank.ca/ (accessed 5.16.19). 
Du, B., Price, A.E., Scott, W.C., Kristofco, L.A., Ramirez, A.J., Chambliss, C.K., Yelderman, 

J.C., Brooks, B.W., 2014. Comparison of contaminants of emerging concern removal, 
discharge, and water quality hazards among centralized and on-site wastewater 
treatment system effluents receiving common wastewater influent. Sci. Total Environ. 
466–467, 976–984. https://doi.org/10.1016/j.scitotenv.2013.07.126 

ECDC, 2018. Surveillance of antimicrobial consumption in Europe, 2013-2014 (No. 2315– 
0955). European Center for Disease Prevention and Control, Stockholm. 

ECDC Database, 2019. Antimicrobial consumption database [WWW Document]. Eur. Cent. 
Dis. Prev. Control. URL http://ecdc.europa.eu/en/antimicrobial-
consumption/surveillance-and-disease-data/database (accessed 9.9.19). 

Eganhouse, R.P., 1997. Molecular Markers and Environmental Organic Geochemistry: An 
Overview, in: Molecular Markers in Environmental Geochemistry, ACS Symposium 
Series. American Chemical Society, pp. 1–20. https://doi.org/10.1021/bk-1997-
0671.ch001 

Ekpeghere, K.I., Lee, J.-W., Kim, H.-Y., Shin, S.-K., Oh, J.-E., 2017. Determination and 
characterization of pharmaceuticals in sludge from municipal and livestock wastewater 
treatment plants. Chemosphere 168, 1211–1221. 
https://doi.org/10.1016/j.chemosphere.2016.10.077 

Eliopoulos, G.M., Huovinen, P., 2001. Resistance to Trimethoprim-Sulfamethoxazole. Clin. 
Infect. Dis. 32, 1608–1614. https://doi.org/10.1086/320532 

Ferech, M., Coenen, S., Malhotra-Kumar, S., Dvorakova, K., Hendrickx, E., Suetens, C., 
Goossens, H., 2006. European Surveillance of Antimicrobial Consumption (ESAC): 



25 
 

outpatient antibiotic use in Europe. J. Antimicrob. Chemother. 58, 401–407. 
https://doi.org/10.1093/jac/dkl188 

Fernandez-Fontaina, E., Carballa, M., Omil, F., Lema, J.M., 2014. Modelling cometabolic 
biotransformation of organic micropollutants in nitrifying reactors. Water Res. 65, 371–
383. https://doi.org/10.1016/j.watres.2014.07.048 

Fernandez-Fontaina, E., Pinho, I., Carballa, M., Omil, F., Lema, J.M., 2013. Biodegradation 
kinetic constants and sorption coefficients of micropollutants in membrane bioreactors. 
Biodegradation 24, 165–177. https://doi.org/10.1007/s10532-012-9568-3 

Fischi, M.A., Dickinson, G.M., Vole, L.L., 1988. Safety and Efficacy of Sulfamethoxazole and 
Trimethoprim Chemoprophylaxis for Pneumocystis carinii Pneumonia in AIDS. JAMA 
259, 1185–1189. https://doi.org/10.1001/jama.1988.03720080019021 

Flores‐Murrieta, F.J., Castañgeda‐Hernández, G., Menéndez, J.C., Chávez, F., Herrera, J.E., 
Hong, E., 1990. Pharmacokinetics of sulfamethoxazole and trimethoprim in mexicans: 
Bioequivalence of two oral formulations (URO-TS D® and bactrim F®). Biopharm. 
Drug Dispos. 11, 765–772. https://doi.org/10.1002/bdd.2510110904 

Fox, B.C., Sollinger, H.W., Belzer, F.O., Maki, D.G., 1990. A prospective, randomized, double-
blind study of trimethoprim-sulfamethoxazole for prophylaxis of infection in renal 
transplantation: Clinical efficacy, absorption of trimethoprim-sulfamethoxazole, effects 
on the microflora, and the cost-benefit of prophylaxis. Am. J. Med. 89, 255–274. 
https://doi.org/10.1016/0002-9343(90)90337-D 

Galani, I., Karaiskos, I., Karantani, I., Papoutsaki, V., Maraki, S., Papaioannou, V., Kazila, P., 
Tsorlini, H., Charalampaki, N., Toutouza, M., Vagiakou, H., Pappas, K., Kyratsa, A., 
Kontopoulou, K., Legga, O., Petinaki, E., Papadogeorgaki, H., Chinou, E., Souli, M., 
Giamarellou, H., Collaborators, O.B. of the S., 2018. Epidemiology and resistance 
phenotypes of carbapenemase-producing Klebsiella pneumoniae in Greece, 2014 to 
2016. Eurosurveillance 23, 1700775. https://doi.org/10.2807/1560-
7917.ES.2018.23.30.1700775 

Gaw, S., Thomas, K.V., Hutchinson, T.H., 2014. Sources, impacts and trends of 
pharmaceuticals in the marine and coastal environment. Philos. Trans. R. Soc. Lond. B 
Biol. Sci. 369, 20130572. https://doi.org/10.1098/rstb.2013.0572 

Gelband, H., Molly Miller, P., Pant, S., Gandra, S., Levinson, J., Barter, D., White, A., 
Laxminarayan, R., 2015. The state of the world’s antibiotics 2015. Wound Heal. South. 
Afr. 8, 30–34. https://doi.org/10520/EJC180082 

Gerrity, D., Trenholm, R.A., Snyder, S.A., 2011. Temporal variability of pharmaceuticals and 
illicit drugs in wastewater and the effects of a major sporting event. Water Res. 45, 
5399–5411. https://doi.org/10.1016/j.watres.2011.07.020 

Göbel, A., McArdell, C.S., Suter, M.J.-F., Giger, W., 2004. Trace Determination of Macrolide 
and Sulfonamide Antimicrobials, a Human Sulfonamide Metabolite, and Trimethoprim 
in Wastewater Using Liquid Chromatography Coupled to Electrospray Tandem Mass 
Spectrometry. Anal. Chem. 76, 4756–4764. https://doi.org/10.1021/ac0496603 

Göbel, A., Thomsen, A., McArdell, C.S., Joss, A., Giger, W., 2005. Occurrence and Sorption 
Behavior of Sulfonamides, Macrolides, and Trimethoprim in Activated Sludge 
Treatment. Environ. Sci. Technol. 39, 3981–3989. https://doi.org/10.1021/es048550a 

Golovko, O., Kumar, V., Fedorova, G., Randak, T., Grabic, R., 2014. Seasonal changes in 
antibiotics, antidepressants/psychiatric drugs, antihistamines and lipid regulators in a 
wastewater treatment plant. Chemosphere 111, 418–426. 
https://doi.org/10.1016/j.chemosphere.2014.03.132 

Goossens, H., Ferech, M., Coenen, S., Stephens, P., 2007. Comparison of Outpatient Systemic 
Antibacterial Use in 2004 in the United States and 27 European Countries. Clin. Infect. 
Dis. 44, 1091–1095. https://doi.org/10.1086/512810 



26 
 

Gracia-Lor, E., Sancho, J.V., Serrano, R., Hernández, F., 2012. Occurrence and removal of 
pharmaceuticals in wastewater treatment plants at the Spanish Mediterranean area of 
Valencia. Chemosphere 87, 453–462. 
https://doi.org/10.1016/j.chemosphere.2011.12.025 

Grandclément, C., Seyssiecq, I., Piram, A., Wong-Wah-Chung, P., Vanot, G., Tiliacos, N., 
Roche, N., Doumenq, P., 2017. From the conventional biological wastewater treatment 
to hybrid processes, the evaluation of organic micropollutant removal: A review. Water 
Res. 111, 297–317. https://doi.org/10.1016/j.watres.2017.01.005 

Grave, K., Greko, C., Kvaale, M.K., Torren-Edo, J., Mackay, D., Muller, A., Moulin, G., 2012. 
Sales of veterinary antibacterial agents in nine European countries during 2005–09: 
trends and patterns. J. Antimicrob. Chemother. 67, 3001–3008. 
https://doi.org/10.1093/jac/dks298 

Gros, M., Petrović, M., Barceló, D., 2009. Tracing Pharmaceutical Residues of Different 
Therapeutic Classes in Environmental Waters by Using Liquid 
Chromatography/Quadrupole-Linear Ion Trap Mass Spectrometry and Automated 
Library Searching. Anal. Chem. 81, 898–912. https://doi.org/10.1021/ac801358e 

Gros, M., Petrović, M., Barceló, D., 2006. Development of a multi-residue analytical 
methodology based on liquid chromatography–tandem mass spectrometry (LC–
MS/MS) for screening and trace level determination of pharmaceuticals in surface and 
wastewaters. Talanta 70, 678–690. https://doi.org/10.1016/j.talanta.2006.05.024 

Gros, M., Rodríguez-Mozaz, S., Barceló, D., 2013. Rapid analysis of multiclass antibiotic 
residues and some of their metabolites in hospital, urban wastewater and river water by 
ultra-high-performance liquid chromatography coupled to quadrupole-linear ion trap 
tandem mass spectrometry. J. Chromatogr. A 1292, 173–188. 
https://doi.org/10.1016/j.chroma.2012.12.072 

Gros, M., Rodríguez-Mozaz, S., Barceló, D., 2012. Fast and comprehensive multi-residue 
analysis of a broad range of human and veterinary pharmaceuticals and some of their 
metabolites in surface and treated waters by ultra-high-performance liquid 
chromatography coupled to quadrupole-linear ion trap tandem mass spectrometry. J. 
Chromatogr. A 1248, 104–121. https://doi.org/10.1016/j.chroma.2012.05.084 

Grung, M., Källqvist, T., Sakshaug, S., Skurtveit, S., Thomas, K.V., 2008. Environmental 
assessment of Norwegian priority pharmaceuticals based on the EMEA guideline. 
Ecotoxicol. Environ. Saf. 71, 328–340. https://doi.org/10.1016/j.ecoenv.2007.10.015 

Guerra, P., Kim, M., Shah, A., Alaee, M., Smyth, S.A., 2014. Occurrence and fate of antibiotic, 
analgesic/anti-inflammatory, and antifungal compounds in five wastewater treatment 
processes. Sci. Total Environ. 473–474, 235–243. 
https://doi.org/10.1016/j.scitotenv.2013.12.008 

Guneysel, O., Onur, O., Erdede, M., Denizbasi, A., 2009. Trimethoprim/Sulfamethoxazole 
Resistance in Urinary Tract Infections. J. Emerg. Med. 36, 338–341. 
https://doi.org/10.1016/j.jemermed.2007.08.068 

Gurke, R., Rößler, M., Marx, C., Diamond, S., Schubert, S., Oertel, R., Fauler, J., 2015a. 
Occurrence and removal of frequently prescribed pharmaceuticals and corresponding 
metabolites in wastewater of a sewage treatment plant. Sci. Total Environ. 532, 762–
770. https://doi.org/10.1016/j.scitotenv.2015.06.067 

Gurke, R., Rossmann, J., Schubert, S., Sandmann, T., Rößler, M., Oertel, R., Fauler, J., 2015b. 
Development of a SPE-HPLC–MS/MS method for the determination of most prescribed 
pharmaceuticals and related metabolites in urban sewage samples. J. Chromatogr. B 
990, 23–30. https://doi.org/10.1016/j.jchromb.2015.03.008 



27 
 

Harnisch, F., Gimkiewicz, C., Bogunovic, B., Kreuzig, R., Schröder, U., 2013. On the removal 
of sulfonamides using microbial bioelectrochemical systems. Electrochem. Commun. 
26, 77–80. https://doi.org/10.1016/j.elecom.2012.10.015 

Harrabi, M., Varela Della Giustina, S., Aloulou, F., Rodriguez-Mozaz, S., Barceló, D., Elleuch, 
B., 2018. Analysis of multiclass antibiotic residues in urban wastewater in Tunisia. 
Environ. Nanotechnol. Monit. Manag. 10, 163–170. 
https://doi.org/10.1016/j.enmm.2018.05.006 

He, L.-Y., Ying, G.-G., Liu, Y.-S., Su, H.-C., Chen, J., Liu, S.-S., Zhao, J.-L., 2016. Discharge 
of swine wastes risks water quality and food safety: Antibiotics and antibiotic resistance 
genes from swine sources to the receiving environments. Environ. Int. 92–93, 210–219. 
https://doi.org/10.1016/j.envint.2016.03.023 

Hijosa-Valsero, M., Fink, G., Schlüsener, M.P., Sidrach-Cardona, R., Martín-Villacorta, J., 
Ternes, T., Bécares, E., 2011. Removal of antibiotics from urban wastewater by 
constructed wetland optimization. Chemosphere 83, 713–719. 
https://doi.org/10.1016/j.chemosphere.2011.02.004 

Hirsch, R., Ternes, T., Haberer, K., Kratz, K.-L., 1999. Occurrence of antibiotics in the aquatic 
environment. Sci. Total Environ. 225, 109–118. https://doi.org/10.1016/S0048-
9697(98)00337-4 

Hitchings, G.H., 1973. Mechanism of Action of Trimethoprim-Sulfamethoxazole—I. J. Infect. 
Dis. 128, S433–S436. https://doi.org/10.1093/infdis/128.Supplement_3.S433 

Hoa, P.T.P., Managaki, S., Nakada, N., Takada, H., Shimizu, A., Anh, D.H., Viet, P.H., Suzuki, 
S., 2011. Antibiotic contamination and occurrence of antibiotic-resistant bacteria in 
aquatic environments of northern Vietnam. Sci. Total Environ. 409, 2894–2901. 
https://doi.org/10.1016/j.scitotenv.2011.04.030 

Hörsing, M., Ledin, A., Grabic, R., Fick, J., Tysklind, M., Jansen, J. la C., Andersen, H.R., 
2011. Determination of sorption of seventy-five pharmaceuticals in sewage sludge. 
Water Res. 45, 4470–4482. https://doi.org/10.1016/j.watres.2011.05.033 

Hou, J., Wan, W., Mao, D., Wang, C., Mu, Q., Qin, S., Luo, Y., 2015. Occurrence and 
distribution of sulfonamides, tetracyclines, quinolones, macrolides, and nitrofurans in 
livestock manure and amended soils of Northern China. Environ. Sci. Pollut. Res. 22, 
4545–4554. https://doi.org/10.1007/s11356-014-3632-y 

Huschek, G., Hansen, P.D., Maurer, H.H., Krengel, D., Kayser, A., 2004. Environmental risk 
assessment of medicinal products for human use according to European Commission 
recommendations. Environ. Toxicol. 19, 226–240. https://doi.org/10.1002/tox.20015 

Hvistendahl, M., 2012. China Takes Aim at Rampant Antibiotic Resistance. Science 336, 795–
795. https://doi.org/10.1126/science.336.6083.795 

Hyland, K.C., Dickenson, E.R.V., Drewes, J.E., Higgins, C.P., 2012. Sorption of ionized and 
neutral emerging trace organic compounds onto activated sludge from different 
wastewater treatment configurations. Water Res. 46, 1958–1968. 
https://doi.org/10.1016/j.watres.2012.01.012 

Iatrou, E.I., Stasinakis, A.S., Thomaidis, N.S., 2014. Consumption-based approach for 
predicting environmental risk in Greece due to the presence of antimicrobials in 
domestic wastewater. Environ. Sci. Pollut. Res. 21, 12941–12950. 
https://doi.org/10.1007/s11356-014-3243-7 

Jank, L., Hoff, R.B., Costa, F.J. da, Pizzolato, T.M., 2014. Simultaneous determination of eight 
antibiotics from distinct classes in surface and wastewater samples by solid-phase 
extraction and high-performance liquid chromatography–electrospray ionisation mass 
spectrometry. Int. J. Environ. Anal. Chem. 94, 1013–1037. 
https://doi.org/10.1080/03067319.2014.914184 



28 
 

Jia, S., Zhang, X.-X., Miao, Y., Zhao, Y., Ye, L., Li, B., Zhang, T., 2017. Fate of antibiotic 
resistance genes and their associations with bacterial community in livestock breeding 
wastewater and its receiving river water. Water Res. 124, 259–268. 
https://doi.org/10.1016/j.watres.2017.07.061 

Johnson, A.C., Jürgens, M.D., Nakada, N., Hanamoto, S., Singer, A.C., Tanaka, H., 2017. 
Linking changes in antibiotic effluent concentrations to flow, removal and consumption 
in four different UK sewage treatment plants over four years. Environ. Pollut. 220, 919–
926. https://doi.org/10.1016/j.envpol.2016.10.077 

Kahle, M., Buerge, I.J., Müller, M.D., Poiger, T., 2009. Hydrophilic anthropogenic markers for 
quantification of wastewater contamination in ground-and surface WATERS. Environ. 
Toxicol. Chem. 28, 2528–2536. https://doi.org/10.1897/08-606.1 

Karthikeyan, K.G., Meyer, M.T., 2006. Occurrence of antibiotics in wastewater treatment 
facilities in Wisconsin, USA. Sci. Total Environ. 361, 196–207. 
https://doi.org/10.1016/j.scitotenv.2005.06.030 

Kasprzyk-Hordern, B., 2019. Editorial Perspectives: could water fingerprinting help with 
community-wide health assessment? Environ. Sci. Water Res. Technol. 
https://doi.org/10.1039/C9EW90021G 

Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2009. The removal of pharmaceuticals, 
personal care products, endocrine disruptors and illicit drugs during wastewater 
treatment and its impact on the quality of receiving waters. Water Res. 43, 363–380. 
https://doi.org/10.1016/j.watres.2008.10.047 

KEI, 2007. Environmental Risk Assessment of Pharmaceuticals: Model Application for 
Estimating Pharmaceutical Exposures in the Han River Basin. Korea Environment 
Institute, Seoul, South-Korea. 

Kemnic, T.R., Coleman, M., 2019. Trimethoprim Sulfamethoxazole. StatPearls Publishing. 
Kemper, N., 2008. Veterinary antibiotics in the aquatic and terrestrial environment. Ecol. Indic. 

8, 1–13. https://doi.org/10.1016/j.ecolind.2007.06.002 
Khan, G.A., Berglund, B., Khan, K.M., Lindgren, P.-E., Fick, J., 2013. Occurrence and 

Abundance of Antibiotics and Resistance Genes in Rivers, Canal and near Drug 
Formulation Facilities – A Study in Pakistan. PLOS ONE 8, e62712. 
https://doi.org/10.1371/journal.pone.0062712 

Kibuye, F.A., Gall, H.E., Elkin, K.R., Ayers, B., Veith, T.L., Miller, M., Jacob, S., Hayden, 
K.R., Watson, J.E., Elliott, H.A., 2019. Fate of pharmaceuticals in a spray-irrigation 
system: From wastewater to groundwater. Sci. Total Environ. 654, 197–208. 
https://doi.org/10.1016/j.scitotenv.2018.10.442 

Kim, K.-R., Owens, G., Kwon, S.-I., So, K.-H., Lee, D.-B., Ok, Y.S., 2011. Occurrence and 
Environmental Fate of Veterinary Antibiotics in the Terrestrial Environment. Water. 
Air. Soil Pollut. 214, 163–174. https://doi.org/10.1007/s11270-010-0412-2 

Kim, S.D., Cho, J., Kim, I.S., Vanderford, B.J., Snyder, S.A., 2007. Occurrence and removal 
of pharmaceuticals and endocrine disruptors in South Korean surface, drinking, and 
waste waters. Water Res. 41, 1013–1021. https://doi.org/10.1016/j.watres.2006.06.034 

Kim, U.-J., Oh, J.K., Kannan, K., 2017. Occurrence, Removal, and Environmental Emission of 
Organophosphate Flame Retardants/Plasticizers in a Wastewater Treatment Plant in 
New York State. Environ. Sci. Technol. 51, 7872–7880. 
https://doi.org/10.1021/acs.est.7b02035 

Klein, E.Y., Boeckel, T.P.V., Martinez, E.M., Pant, S., Gandra, S., Levin, S.A., Goossens, H., 
Laxminarayan, R., 2018. Global increase and geographic convergence in antibiotic 
consumption between 2000 and 2015. Proc. Natl. Acad. Sci. 115, E3463–E3470. 
https://doi.org/10.1073/pnas.1717295115 



29 
 

Kolpin, D.W., Furlong, E.T., Meyer, M.T., Thurman, E.M., Zaugg, S.D., Barber, L.B., Buxton, 
H.T., 2002. Pharmaceuticals, hormones, and other organic wastewater contaminants in 
US streams, 1999-2000: A national reconnaissance. Environ. Sci. Technol. 36, 1202–
1211. 

K’oreje, K.O., Demeestere, K., De Wispelaere, P., Vergeynst, L., Dewulf, J., Van Langenhove, 
H., 2012. From multi-residue screening to target analysis of pharmaceuticals in water: 
Development of a new approach based on magnetic sector mass spectrometry and 
application in the Nairobi River basin, Kenya. Sci. Total Environ. 437, 153–164. 
https://doi.org/10.1016/j.scitotenv.2012.07.052 

K’oreje, K.O., Vergeynst, L., Ombaka, D., De Wispelaere, P., Okoth, M., Van Langenhove, H., 
Demeestere, K., 2016. Occurrence patterns of pharmaceutical residues in wastewater, 
surface water and groundwater of Nairobi and Kisumu city, Kenya. Chemosphere 149, 
238–244. https://doi.org/10.1016/j.chemosphere.2016.01.095 

Kosma, C.I., Lambropoulou, D.A., Albanis, T.A., 2014. Investigation of PPCPs in wastewater 
treatment plants in Greece: Occurrence, removal and environmental risk assessment. 
Sci. Total Environ. 466–467, 421–438. https://doi.org/10.1016/j.scitotenv.2013.07.044 

Kourlaba, G., Gkrania-Klotsas, E., Kourkouni, E., Mavrogeorgos, G., Zaoutis, T.E., 2016. 
Antibiotic prescribing and expenditures in outpatient adults in Greece, 2010 to 2013: 
evidence from real-world practice. Eurosurveillance 21, 30266. 
https://doi.org/10.2807/1560-7917.ES.2016.21.26.30266 

Kovalova, L., Siegrist, H., Singer, H., Wittmer, A., McArdell, C.S., 2012. Hospital Wastewater 
Treatment by Membrane Bioreactor: Performance and Efficiency for Organic 
Micropollutant Elimination. Environ. Sci. Technol. 46, 1536–1545. 
https://doi.org/10.1021/es203495d 

Kumar, R., Sarmah, A.K., Padhye, L.P., 2019. Fate of pharmaceuticals and personal care 
products in a wastewater treatment plant with parallel secondary wastewater treatment 
train. J. Environ. Manage. 233, 649–659. 
https://doi.org/10.1016/j.jenvman.2018.12.062 

Kümmerer, K., 2009. The presence of pharmaceuticals in the environment due to human use – 
present knowledge and future challenges. J. Environ. Manage. 90, 2354–2366. 
https://doi.org/10.1016/j.jenvman.2009.01.023 

Kümmerer, K., Henninger, A., 2003. Promoting resistance by the emission of antibiotics from 
hospitals and households into effluent. Clin. Microbiol. Infect. 9, 1203–1214. 
https://doi.org/10.1111/j.1469-0691.2003.00739.x 

Kuroda, K., Murakami, M., Oguma, K., Muramatsu, Y., Takada, H., Takizawa, S., 2012. 
Assessment of Groundwater Pollution in Tokyo Using PPCPs as Sewage Markers. 
Environ. Sci. Technol. 46, 1455–1464. https://doi.org/10.1021/es202059g 

Kuroda, K., Nakada, N., Hanamoto, S., Inaba, M., Katayama, H., Do, A.T., Nga, T.T.V., 
Oguma, K., Hayashi, T., Takizawa, S., 2015. Pepper mild mottle virus as an indicator 
and a tracer of fecal pollution in water environments: Comparative evaluation with 
wastewater-tracer pharmaceuticals in Hanoi, Vietnam. Sci. Total Environ. 506–507, 
287–298. https://doi.org/10.1016/j.scitotenv.2014.11.021 

Larson, C., 2015. China’s lakes of pig manure spawn antibiotic resistance. Science 347, 704–
704. https://doi.org/10.1126/science.347.6223.704 

Le, T.-H., Ng, C., Tran, N.H., Chen, H., Gin, K.Y.-H., 2018. Removal of antibiotic residues, 
antibiotic resistant bacteria and antibiotic resistance genes in municipal wastewater by 
membrane bioreactor systems. Water Res. 145, 498–508. 
https://doi.org/10.1016/j.watres.2018.08.060 



30 
 

Le, T.X., Munekage, Y., 2004. Residues of selected antibiotics in water and mud from shrimp 
ponds in mangrove areas in Viet Nam. Mar. Pollut. Bull. 49, 922–929. 
https://doi.org/10.1016/j.marpolbul.2004.06.016 

Le-Minh, N., Stuetz, R.M., Khan, S.J., 2012. Determination of six sulfonamide antibiotics, two 
metabolites and trimethoprim in wastewater by isotope dilution liquid 
chromatography/tandem mass spectrometry. Talanta 89, 407–416. 
https://doi.org/10.1016/j.talanta.2011.12.053 

Leung, H.W., Minh, T.B., Murphy, M.B., Lam, J.C.W., So, M.K., Martin, M., Lam, P.K.S., 
Richardson, B.J., 2012. Distribution, fate and risk assessment of antibiotics in sewage 
treatment plants in Hong Kong, South China. Environ. Int. 42, 1–9. 
https://doi.org/10.1016/j.envint.2011.03.004 

Li, B., Zhang, T., 2011. Mass flows and removal of antibiotics in two municipal wastewater 
treatment plants. Chemosphere 83, 1284–1289. 
https://doi.org/10.1016/j.chemosphere.2011.03.002 

Li, B., Zhang, T., Xu, Z., Fang, H.H.P., 2009. Rapid analysis of 21 antibiotics of multiple 
classes in municipal wastewater using ultra performance liquid chromatography-tandem 
mass spectrometry. Anal. Chim. Acta 645, 64–72. 
https://doi.org/10.1016/j.aca.2009.04.042 

Li, J., Cheng, W., Xu, L., Strong, P.J., Chen, H., 2015. Antibiotic-resistant genes and antibiotic-
resistant bacteria in the effluent of urban residential areas, hospitals, and a municipal 
wastewater treatment plant system. Environ. Sci. Pollut. Res. 22, 4587–4596. 
https://doi.org/10.1007/s11356-014-3665-2 

Lien, L.T.Q., Hoa, N.Q., Chuc, N.T.K., Thoa, N.T.M., Phuc, H.D., Diwan, V., Dat, N.T., 
Tamhankar, A.J., Lundborg, C.S., 2016. Antibiotics in Wastewater of a Rural and an 
Urban Hospital before and after Wastewater Treatment, and the Relationship with 
Antibiotic Use—A One Year Study from Vietnam. Int. J. Environ. Res. Public. Health 
13, 588. https://doi.org/10.3390/ijerph13060588 

Lienert, J., Güdel, K., Escher, B.I., 2007. Screening Method for Ecotoxicological Hazard 
Assessment of 42 Pharmaceuticals Considering Human Metabolism and Excretory 
Routes. Environ. Sci. Technol. 41, 4471–4478. https://doi.org/10.1021/es0627693 

Lin, A.Y.-C., Yu, T.-H., Lin, C.-F., 2008. Pharmaceutical contamination in residential, 
industrial, and agricultural waste streams: Risk to aqueous environments in Taiwan. 
Chemosphere 74, 131–141. https://doi.org/10.1016/j.chemosphere.2008.08.027 

Lin, K., Gan, J., 2011. Sorption and degradation of wastewater-associated non-steroidal anti-
inflammatory drugs and antibiotics in soils. Chemosphere 83, 240–246. 
https://doi.org/10.1016/j.chemosphere.2010.12.083 

Lindberg, R.H., Olofsson, U., Rendahl, P., Johansson, M.I., Tysklind, M., Andersson, B.A.V., 
2006. Behavior of Fluoroquinolones and Trimethoprim during Mechanical, Chemical, 
and Active Sludge Treatment of Sewage Water and Digestion of Sludge. Environ. Sci. 
Technol. 40, 1042–1048. https://doi.org/10.1021/es0516211 

Lindberg, R.H., Östman, M., Olofsson, U., Grabic, R., Fick, J., 2014. Occurrence and behaviour 
of 105 active pharmaceutical ingredients in sewage waters of a municipal sewer 
collection system. Water Res. 58, 221–229. 
https://doi.org/10.1016/j.watres.2014.03.076 

Lindberg, R.H., Wennberg, P., Johansson, M.I., Tysklind, M., Andersson, B.A.V., 2005. 
Screening of Human Antibiotic Substances and Determination of Weekly Mass Flows 
in Five Sewage Treatment Plants in Sweden. Environ. Sci. Technol. 39, 3421–3429. 
https://doi.org/10.1021/es048143z 

Liu, H.-Q., Lam, J.C.W., Li, W.-W., Yu, H.-Q., Lam, P.K.S., 2017. Spatial distribution and 
removal performance of pharmaceuticals in municipal wastewater treatment plants in 



31 
 

China. Sci. Total Environ. 586, 1162–1169. 
https://doi.org/10.1016/j.scitotenv.2017.02.107 

Machowska, A., Stålsby Lundborg, C., 2019. Drivers of Irrational Use of Antibiotics in Europe. 
Int. J. Environ. Res. Public. Health 16, 27. https://doi.org/10.3390/ijerph16010027 

Mackuľak, T., Nagyová, K., Faberová, M., Grabic, R., Koba, O., Gál, M., Birošová, L., 2015. 
Utilization of Fenton-like reaction for antibiotics and resistant bacteria elimination in 
different parts of WWTP. Environ. Toxicol. Pharmacol. 40, 492–497. 
https://doi.org/10.1016/j.etap.2015.07.002 

Mailler, R., Gasperi, J., Coquet, Y., Deshayes, S., Zedek, S., Cren-Olivé, C., Cartiser, N., Eudes, 
V., Bressy, A., Caupos, E., Moilleron, R., Chebbo, G., Rocher, V., 2015. Study of a 
large scale powdered activated carbon pilot: Removals of a wide range of emerging and 
priority micropollutants from wastewater treatment plant effluents. Water Res. 72, 315–
330. https://doi.org/10.1016/j.watres.2014.10.047 

Margot, J., Kienle, C., Magnet, A., Weil, M., Rossi, L., de Alencastro, L.F., Abegglen, C., 
Thonney, D., Chèvre, N., Schärer, M., Barry, D.A., 2013. Treatment of micropollutants 
in municipal wastewater: Ozone or powdered activated carbon? Sci. Total Environ. 
461–462, 480–498. https://doi.org/10.1016/j.scitotenv.2013.05.034 

Martínez Bueno, M.J., Agüera, A., Gómez, M.J., Hernando, M.D., García-Reyes, J.F., 
Fernández-Alba, A.R., 2007. Application of Liquid Chromatography/Quadrupole-
Linear Ion Trap Mass Spectrometry and Time-of-Flight Mass Spectrometry to the 
Determination of Pharmaceuticals and Related Contaminants in Wastewater. Anal. 
Chem. 79, 9372–9384. https://doi.org/10.1021/ac0715672 

Marx, C., Mühlbauer, V., Schubert, S., Oertel, R., Ahnert, M., Krebs, P., Kuehn, V., 2015. 
Representative input load of antibiotics to WWTPs: Predictive accuracy and 
determination of a required sampling quantity. Water Res. 76, 19–32. 
https://doi.org/10.1016/j.watres.2015.02.049 

Mathenge, S.G., Wanjau, R.N., Kenji, G.M., 2017. Trimethoprim and Sulfamethoxazole 
Residues in Untreated Wastewater used for Irrigation in Peri-urban Farms in Nairobi 
County, Kenya. Nat. Environ. Pollut. Technol. 16, 989–994. 

Matongo, S., Birungi, G., Moodley, B., Ndungu, P., 2015. Occurrence of selected 
pharmaceuticals in water and sediment of Umgeni River, KwaZulu-Natal, South Africa. 
Environ. Sci. Pollut. Res. 22, 10298–10308. https://doi.org/10.1007/s11356-015-4217-
0 

Matsuo, H., Sakamoto, H., Arizono, K., Shinohara, R., 2011. Behavior of Pharmaceuticals in 
Waste Water Treatment Plant in Japan. Bull. Environ. Contam. Toxicol. 87, 31–35. 
https://doi.org/10.1007/s00128-011-0299-7 

McCance, W., Jones, O.A.H., Edwards, M., Surapaneni, A., Chadalavada, S., Currell, M., 2018. 
Contaminants of Emerging Concern as novel groundwater tracers for delineating 
wastewater impacts in urban and peri-urban areas. Water Res. 146, 118–133. 
https://doi.org/10.1016/j.watres.2018.09.013 

McClure, E.L., Wong, C.S., 2007. Solid phase microextraction of macrolide, trimethoprim, and 
sulfonamide antibiotics in wastewaters. J. Chromatogr. A 1169, 53–62. 
https://doi.org/10.1016/j.chroma.2007.08.062 

Menz, J., Olsson, O., Kümmerer, K., 2019. Antibiotic residues in livestock manure: Does the 
EU risk assessment sufficiently protect against microbial toxicity and selection of 
resistant bacteria in the environment? J. Hazard. Mater. 120807. 
https://doi.org/10.1016/j.jhazmat.2019.120807 

Mermin, J., Lule, J., Ekwaru, J.P., Malamba, S., Downing, R., Ransom, R., Kaharuza, F., 
Culver, D., Kizito, F., Bunnell, R., Kigozi, A., Nakanjako, D., Wafula, W., Quick, R., 
2004. Effect of co-trimoxazole prophylaxis on morbidity, mortality, CD4-cell count, 



32 
 

and viral load in HIV infection in rural Uganda. The Lancet 364, 1428–1434. 
https://doi.org/10.1016/S0140-6736(04)17225-5 

Michael, I., Rizzo, L., McArdell, C.S., Manaia, C.M., Merlin, C., Schwartz, T., Dagot, C., Fatta-
Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for the release of 
antibiotics in the environment: A review. Water Res. 47, 957–995. 
https://doi.org/10.1016/j.watres.2012.11.027 

Mitema, E.S., Kikuvi, G.M., Wegener, H.C., Stohr, K., 2001. An assessment of antimicrobial 
consumption in food producing animals in Kenya. J. Vet. Pharmacol. Ther. 24, 385–
390. https://doi.org/10.1046/j.1365-2885.2001.00360.x 

Mohapatra, S., Huang, C.-H., Mukherji, S., Padhye, L.P., 2016. Occurrence and fate of 
pharmaceuticals in WWTPs in India and comparison with a similar study in the United 
States. Chemosphere 159, 526–535. 
https://doi.org/10.1016/j.chemosphere.2016.06.047 

Mulla, S.I., Hu, A., Sun, Q., Li, J., Suanon, F., Ashfaq, M., Yu, C.-P., 2018. Biodegradation of 
sulfamethoxazole in bacteria from three different origins. J. Environ. Manage. 206, 93–
102. https://doi.org/10.1016/j.jenvman.2017.10.029 

Murata, A., Takada, H., Mutoh, K., Hosoda, H., Harada, A., Nakada, N., 2011. Nationwide 
monitoring of selected antibiotics: Distribution and sources of sulfonamides, 
trimethoprim, and macrolides in Japanese rivers. Sci. Total Environ. 409, 5305–5312. 
https://doi.org/10.1016/j.scitotenv.2011.09.014 

Muter, O., Perkons, I., Selga, T., Berzins, A., Gudra, D., Radovica-Spalvina, I., Fridmanis, D., 
Bartkevics, V., 2017. Removal of pharmaceuticals from municipal wastewaters at 
laboratory scale by treatment with activated sludge and biostimulation. Sci. Total 
Environ. 584–585, 402–413. https://doi.org/10.1016/j.scitotenv.2017.01.023 

Nagarnaik, P.M., Batt, A.L., Boulanger, B., 2012. Healthcare Facility Effluents as Point 
Sources of Select Pharmaceuticals to Municipal Wastewater. Water Environ. Res. 84, 
339–345. https://doi.org/10.1002/j.1554-7531.2012.tb00282.x 

Nakada, N., Hanamoto, S., Jürgens, M.D., Johnson, A.C., Bowes, M.J., Tanaka, H., 2017. 
Assessing the population equivalent and performance of wastewater treatment through 
the ratios of pharmaceuticals and personal care products present in a river basin: 
Application to the River Thames basin, UK. Sci. Total Environ. 575, 1100–1108. 
https://doi.org/10.1016/j.scitotenv.2016.09.180 

Nakada, N., Kiri, K., Shinohara, H., Harada, A., Kuroda, K., Takizawa, S., Takada, H., 2008. 
Evaluation of Pharmaceuticals and Personal Care Products as Water-soluble Molecular 
Markers of Sewage. Environ. Sci. Technol. 42, 6347–6353. 
https://doi.org/10.1021/es7030856 

Nefau, T., Karolak, S., Castillo, L., Boireau, V., Levi, Y., 2013. Presence of illicit drugs and 
metabolites in influents and effluents of 25 sewage water treatment plants and map of 
drug consumption in France. Sci. Total Environ. 461–462, 712–722. 
https://doi.org/10.1016/j.scitotenv.2013.05.038 

NethMap, 2017. Consumption of antimicrobial agents and antimicrobial resistance among 
medically important bacteria in the Netherlands. National Institue for Public Health and 
the Environment. 

Neyestani, M., Dickenson, E., McLain, J., Robleto, E., Rock, C., Gerrity, D., 2017. Impacts of 
solids retention time on trace organic compound attenuation and bacterial resistance to 
trimethoprim and sulfamethoxazole. Chemosphere 182, 149–158. 
https://doi.org/10.1016/j.chemosphere.2017.04.121 

Nielsen, L., Bandosz, T.J., 2016a. Analysis of the competitive adsorption of pharmaceuticals 
on waste derived materials. Chem. Eng. J. 287, 139–147. 
https://doi.org/10.1016/j.cej.2015.11.016 



33 
 

Nielsen, L., Bandosz, T.J., 2016b. Analysis of sulfamethoxazole and trimethoprim adsorption 
on sewage sludge and fish waste derived adsorbents. Microporous Mesoporous Mater. 
220, 58–72. https://doi.org/10.1016/j.micromeso.2015.08.025 

Nödler, K., Licha, T., Barbieri, M., Pérez, S., 2012. Evidence for the microbially mediated 
abiotic formation of reversible and non-reversible sulfamethoxazole transformation 
products during denitrification. Water Res. 46, 2131–2139. 
https://doi.org/10.1016/j.watres.2012.01.028 

NORM/NORM-VET, 2017. Usage of Antimicrobial Agents and Occurrence of Antimicrobials 
resistance in Norway in 2016 (No. 1890–9965). Tromso/Oslo. 

NORM/NORM-VET, 2012. Usage of Antimicrobial Agents and Occurrence of Antimicrobial 
Resistance in Norway in 2011 (No. 1890–9965). Tromso/Oslo. 

Nouws, J.F.M., Vree, T.B., Degen, M., Mevius, D., 1991. Pharmacokinetics of a 
sulphamethoxazole/trimethoprim formulation in pigs after intravenous administration. 
Vet. Q. 13, 148–154. https://doi.org/10.1080/01652176.1991.9694300 

O’Brien, J.W., Grant, S., Banks, A.P.W., Bruno, R., Carter, S., Choi, P.M., Covaci, A., Crosbie, 
N.D., Gartner, C., Hall, W., Jiang, G., Kaserzon, S., Kirkbride, K.P., Lai, F.Y., Mackie, 
R., Marshall, J., Ort, C., Paxman, C., Prichard, J., Thai, P., Thomas, K.V., Tscharke, B., 
Mueller, J.F., 2019. A National Wastewater Monitoring Program for a better 
understanding of public health: A case study using the Australian Census. Environ. Int. 
122, 400–411. https://doi.org/10.1016/j.envint.2018.12.003 

Oliveira, C., Lima, D.L.D., Silva, C.P., Calisto, V., Otero, M., Esteves, V.I., 2019. 
Photodegradation of sulfamethoxazole in environmental samples: The role of pH, 
organic matter and salinity. Sci. Total Environ. 648, 1403–1410. 
https://doi.org/10.1016/j.scitotenv.2018.08.235 

Oliveira, T.S., Murphy, M., Mendola, N., Wong, V., Carlson, D., Waring, L., 2015. 
Characterization of Pharmaceuticals and Personal Care products in hospital effluent and 
waste water influent/effluent by direct-injection LC-MS-MS. Sci. Total Environ. 518–
519, 459–478. https://doi.org/10.1016/j.scitotenv.2015.02.104 

Ort, C., van Nuijs, A.L.N., Berset, J.-D., Bijlsma, L., Castiglioni, S., Covaci, A., de Voogt, P., 
Emke, E., Fatta-Kassinos, D., Griffiths, P., Hernández, F., González-Mariño, I., Grabic, 
R., Kasprzyk-Hordern, B., Mastroianni, N., Meierjohann, A., Nefau, T., Östman, M., 
Pico, Y., Racamonde, I., Reid, M., Slobodnik, J., Terzic, S., Thomaidis, N., Thomas, 
K.V., 2014. Spatial differences and temporal changes in illicit drug use in Europe 
quantified by wastewater analysis. Addiction 109, 1338–1352. 
https://doi.org/10.1111/add.12570 

Örtengren, B., Magni, L., Bergan, T., 1979. Development of sulphonamide-trimethoprim 
combinations for urinary tract infections. Infection 7, S371–S381. 
https://doi.org/10.1007/BF01639016 

Ortiz de García, S., Pinto Pinto, G., García Encina, P., Irusta Mata, R., 2013. Consumption and 
occurrence of pharmaceutical and personal care products in the aquatic environment in 
Spain. Sci. Total Environ. 444, 451–465. 
https://doi.org/10.1016/j.scitotenv.2012.11.057 

Östholm-Balkhed, Å., Tärnberg, M., Nilsson, M., Johansson, A.V., Hanberger, H., Monstein, 
H.-J., Nilsson, L.E., 2010. Prevalence of extended-spectrum beta-lactamase-producing 
Enterobacteriaceae and trends in antibiotic consumption in a county of Sweden. Scand. 
J. Infect. Dis. 42, 831–838. https://doi.org/10.3109/00365548.2010.498017 

Palmer, P.M., Wilson, L.R., O’Keefe, P., Sheridan, R., King, T., Chen, C.-Y., 2008. Sources of 
pharmaceutical pollution in the New York City Watershed. Sci. Total Environ. 394, 90–
102. https://doi.org/10.1016/j.scitotenv.2008.01.011 



34 
 

Papageorgiou, M., Kosma, C., Lambropoulou, D., 2016. Seasonal occurrence, removal, mass 
loading and environmental risk assessment of 55 pharmaceuticals and personal care 
products in a municipal wastewater treatment plant in Central Greece. Sci. Total 
Environ. 543, Part A, 547–569. https://doi.org/10.1016/j.scitotenv.2015.11.047 

Papich, M.G., 2016. Trimethoprim + Sulfamethoxazole, in: Papich, M.G. (Ed.), Saunders 
Handbook of Veterinary Drugs (Fourth Edition). W.B. Saunders, St. Louis, pp. 820–
822. https://doi.org/10.1016/B978-0-323-24485-5.00576-3 

Patel, M., Kumar, R., Kishor, K., Mlsna, T., Pittman, C.U., Mohan, D., 2019. Pharmaceuticals 
of Emerging Concern in Aquatic Systems: Chemistry, Occurrence, Effects, and 
Removal Methods. Chem. Rev. 119, 3510–3673. 
https://doi.org/10.1021/acs.chemrev.8b00299 

Paxéus, N., Bester, K., El-taliawy, H., 2016. Temporal variations and trends in loads of 
commonly used pharmaceuticals to large wastewater treatment plants in Sweden, a case 
study (Ryaverket). Water Sci. Technol. 73, 3049–3056. 
https://doi.org/10.2166/wst.2016.179 

Pérez, S., Eichhorn, P., Aga, D.S., 2005. Evaluating the biodegradability of sulfamethazine, 
sulfamethoxazole, sulfathiazole, and trimethoprim at different stages of sewage 
treatment. Environ. Toxicol. Chem. 24, 1361–1367. https://doi.org/10.1897/04-211R.1 

Petrie, B., Proctor, K., Youdan, J., Barden, R., Kasprzyk-Hordern, B., 2017. Critical evaluation 
of monitoring strategy for the multi-residue determination of 90 chiral and achiral 
micropollutants in effluent wastewater. Sci. Total Environ. 579, 569–578. 
https://doi.org/10.1016/j.scitotenv.2016.11.059 

Petrie, B., Youdan, J., Barden, R., Kasprzyk-Hordern, B., 2016. Multi-residue analysis of 90 
emerging contaminants in liquid and solid environmental matrices by ultra-high-
performance liquid chromatography tandem mass spectrometry. J. Chromatogr. A 1431, 
64–78. https://doi.org/10.1016/j.chroma.2015.12.036 

Petrović, M., Škrbić, B., Živančev, J., Ferrando-Climent, L., Barcelo, D., 2014. Determination 
of 81 pharmaceutical drugs by high performance liquid chromatography coupled to 
mass spectrometry with hybrid triple quadrupole–linear ion trap in different types of 
water in Serbia. Sci. Total Environ. 468–469, 415–428. 
https://doi.org/10.1016/j.scitotenv.2013.08.079 

Phan, H.V., Hai, F.I., McDonald, J.A., Khan, S.J., Zhang, R., Price, W.E., Broeckmann, A., 
Nghiem, L.D., 2015. Nutrient and trace organic contaminant removal from wastewater 
of a resort town: Comparison between a pilot and a full scale membrane bioreactor. Int. 
Biodeterior. Biodegrad. 102, 40–48. https://doi.org/10.1016/j.ibiod.2015.02.010 

Plachouras, D., Kavatha, D., Antoniadou, A., Giannitsioti, E., Poulakou, G., Kanellakopoulou, 
K., Giamarellou, H., 2010. Dispensing of antibiotics without prescription in Greece, 
2008: another link in the antibiotic resistance chain. Eurosurveillance 15, 19488. 
https://doi.org/10.2807/ese.15.07.19488-en 

Plósz, B.G., Leknes, H., Liltved, H., Thomas, K.V., 2010. Diurnal variations in the occurrence 
and the fate of hormones and antibiotics in activated sludge wastewater treatment in 
Oslo, Norway. Sci. Total Environ. 408, 1915–1924. 
https://doi.org/10.1016/j.scitotenv.2010.01.042 

Poirier-Larabie, S., Segura, P.A., Gagnon, C., 2016. Degradation of the pharmaceuticals 
diclofenac and sulfamethoxazole and their transformation products under controlled 
environmental conditions. Sci. Total Environ. 557–558, 257–267. 
https://doi.org/10.1016/j.scitotenv.2016.03.057 

Poursat, B.A.J., Spanning, R.J.M. van, Voogt, P. de, Parsons, J.R., 2019. Implications of 
microbial adaptation for the assessment of environmental persistence of chemicals. Crit. 
Rev. Environ. Sci. Technol. 0, 1–36. https://doi.org/10.1080/10643389.2019.1607687 



35 
 

Prabhasankar, V.P., Joshua, D.I., Balakrishna, K., Siddiqui, I.F., Taniyasu, S., Yamashita, N., 
Kannan, K., Akiba, M., Praveenkumarreddy, Y., Guruge, K.S., 2016. Removal rates of 
antibiotics in four sewage treatment plants in South India. Environ. Sci. Pollut. Res. 23, 
8679–8685. https://doi.org/10.1007/s11356-015-5968-3 

Prasertkulsak, S., Chiemchaisri, C., Chiemchaisri, W., Itonaga, T., Yamamoto, K., 2016. 
Removals of pharmaceutical compounds from hospital wastewater in membrane 
bioreactor operated under short hydraulic retention time. Chemosphere 150, 624–631. 
https://doi.org/10.1016/j.chemosphere.2016.01.031 

Public Health England, 2018a. English Surveillance Programme for Antimicrobial Utilisation 
and Resistance (ESPAUR) Report 2018. London. 

Public Health England, 2018b. Summary of antimicrobial prescribing guidance – managing 
common infections. London. 

Pugajeva, I., Rusko, J., Perkons, I., Lundanes, E., Bartkevics, V., 2017. Determination of 
pharmaceutical residues in wastewater using high performance liquid chromatography 
coupled to quadrupole-Orbitrap mass spectrometry. J. Pharm. Biomed. Anal. 133, 64–
74. https://doi.org/10.1016/j.jpba.2016.11.008 

Quesada, S., Tena, A., Guillén, D., Ginebreda, A., Vericat, D., Martínez, E., Navarro-Ortega, 
A., Batalla, R.J., Barceló, D., 2014. Dynamics of suspended sediment borne persistent 
organic pollutants in a large regulated Mediterranean river (Ebro, NE Spain). Sci. Total 
Environ. 473–474, 381–390. https://doi.org/10.1016/j.scitotenv.2013.11.040 

Radjenović, J., Petrović, M., Barceló, D., 2009. Fate and distribution of pharmaceuticals in 
wastewater and sewage sludge of the conventional activated sludge (CAS) and 
advanced membrane bioreactor (MBR) treatment. Water Res. 43, 831–841. 
https://doi.org/10.1016/j.watres.2008.11.043 

Radke, M., Lauwigi, C., Heinkele, G., Mürdter, T.E., Letzel, M., 2009. Fate of the Antibiotic 
Sulfamethoxazole and Its Two Major Human Metabolites in a Water Sediment Test. 
Environ. Sci. Technol. 43, 3135–3141. https://doi.org/10.1021/es900300u 

Reinholds, I., Muter, O., Pugajeva, I., Rusko, J., Perkons, I., Bartkevics, V., 2017. 
Determination of pharmaceutical residues and assessment of their removal efficiency at 
the Daugavgriva municipal wastewater treatment plant in Riga, Latvia. Water Sci. 
Technol. 75, 387–396. https://doi.org/10.2166/wst.2016.528 

Richmond, E.K., Rosi, E.J., Walters, D.M., Fick, J., Hamilton, S.K., Brodin, T., Sundelin, A., 
Grace, M.R., 2018. A diverse suite of pharmaceuticals contaminates stream and riparian 
food webs. Nat. Commun. 9, 4491. https://doi.org/10.1038/s41467-018-06822-w 

Rivera-Jaimes, J.A., Postigo, C., Melgoza-Alemán, R.M., Aceña, J., Barceló, D., López de 
Alda, M., 2018. Study of pharmaceuticals in surface and wastewater from Cuernavaca, 
Morelos, Mexico: Occurrence and environmental risk assessment. Sci. Total Environ. 
613–614, 1263–1274. https://doi.org/10.1016/j.scitotenv.2017.09.134 

Rivera-Utrilla, J., Sánchez-Polo, M., Ferro-García, M.Á., Prados-Joya, G., Ocampo-Pérez, R., 
2013. Pharmaceuticals as emerging contaminants and their removal from water. A 
review. Chemosphere 93, 1268–1287. 
https://doi.org/10.1016/j.chemosphere.2013.07.059 

Rodriguez-Mozaz, S., Chamorro, S., Marti, E., Huerta, B., Gros, M., Sànchez-Melsió, A., 
Borrego, C.M., Barceló, D., Balcázar, J.L., 2015. Occurrence of antibiotics and 
antibiotic resistance genes in hospital and urban wastewaters and their impact on the 
receiving river. Water Res. 69, 234–242. https://doi.org/10.1016/j.watres.2014.11.021 

Rosal, R., Rodríguez, A., Perdigón-Melón, J.A., Petre, A., García-Calvo, E., Gómez, M.J., 
Agüera, A., Fernández-Alba, A.R., 2010. Occurrence of emerging pollutants in urban 
wastewater and their removal through biological treatment followed by ozonation. 
Water Res. 44, 578–588. https://doi.org/10.1016/j.watres.2009.07.004 



36 
 

Rossmann, J., Schubert, S., Gurke, R., Oertel, R., Kirch, W., 2014. Simultaneous determination 
of most prescribed antibiotics in multiple urban wastewater by SPE-LC–MS/MS. J. 
Chromatogr. B 969, 162–170. https://doi.org/10.1016/j.jchromb.2014.08.008 

Rousis, N.I., Gracia-Lor, E., Zuccato, E., Bade, R., Baz-Lomba, J.A., Castrignanò, E., 
Causanilles, A., Covaci, A., de Voogt, P., Hernàndez, F., Kasprzyk-Hordern, B., 
Kinyua, J., McCall, A.-K., Plósz, B.G., Ramin, P., Ryu, Y., Thomas, K.V., van Nuijs, 
A., Yang, Z., Castiglioni, S., 2017. Wastewater-based epidemiology to assess pan-
European pesticide exposure. Water Res. 121, 270–279. 
https://doi.org/10.1016/j.watres.2017.05.044 

Ryan, C.C., Tan, D.T., Arnold, W.A., 2011. Direct and indirect photolysis of sulfamethoxazole 
and trimethoprim in wastewater treatment plant effluent. Water Res. 45, 1280–1286. 
https://doi.org/10.1016/j.watres.2010.10.005 

Saaristo, M., Brodin, T., Balshine, S., Bertram, M.G., Brooks, B.W., Ehlman, S.M., McCallum, 
E.S., Sih, A., Sundin, J., Wong, B.B.M., Arnold K. E., 2018. Direct and indirect effects 
of chemical contaminants on the behaviour, ecology and evolution of wildlife. Proc. R. 
Soc. B Biol. Sci. 285, 20181297. https://doi.org/10.1098/rspb.2018.1297 

Salter, A.J., 1982. Overview. Trimethoprim-Sulfamethoxazole: An Assessment of More than 
12 Years of Use. Rev. Infect. Dis. 4, 196–236. https://doi.org/10.1093/clinids/4.2.196 

Santos, L.H.M.L.M., Gros, M., Rodriguez-Mozaz, S., Delerue-Matos, C., Pena, A., Barceló, 
D., Montenegro, M.C.B.S.M., 2013. Contribution of hospital effluents to the load of 
pharmaceuticals in urban wastewaters: Identification of ecologically relevant 
pharmaceuticals. Sci. Total Environ. 461–462, 302–316. 
https://doi.org/10.1016/j.scitotenv.2013.04.077 

Sarmah, A.K., Meyer, M.T., Boxall, A.B.A., 2006. A global perspective on the use, sales, 
exposure pathways, occurrence, fate and effects of veterinary antibiotics (VAs) in the 
environment. Chemosphere 65, 725–759. 
https://doi.org/10.1016/j.chemosphere.2006.03.026 

Schwartz, D.E., Rieder, J., 1970. Pharmacokinetics of Sulfamethoxazole + Trimethoprim in 
Man and Their Distribution in the Rat. Chemotherapy 15, 337–355. 
https://doi.org/10.1159/000220701 

Senta, I., Terzic, S., Ahel, M., 2013. Occurrence and fate of dissolved and particulate 
antimicrobials in municipal wastewater treatment. Water Res. 47, 705–714. 
https://doi.org/10.1016/j.watres.2012.10.041 

Senta, I., Terzić, S., Ahel, M., 2008. Simultaneous Determination of Sulfonamides, 
Fluoroquinolones, Macrolides and Trimethoprim in Wastewater and River Water by 
LC-Tandem-MS. Chromatographia 68, 747. https://doi.org/10.1365/s10337-008-0780-
6 

Serna-Galvis, E.A., Silva-Agredo, J., Botero-Coy, A.M., Moncayo-Lasso, A., Hernández, F., 
Torres-Palma, R.A., 2019. Effective elimination of fifteen relevant pharmaceuticals in 
hospital wastewater from Colombia by combination of a biological system with a 
sonochemical process. Sci. Total Environ. 670, 623–632. 
https://doi.org/10.1016/j.scitotenv.2019.03.153 

Shimizu, A., Takada, H., Koike, T., Takeshita, A., Saha, M., Rinawati, Nakada, N., Murata, A., 
Suzuki, T., Suzuki, S., Chiem, N.H., Tuyen, B.C., Viet, P.H., Siringan, M.A., Kwan, C., 
Zakaria, M.P., Reungsang, A., 2013. Ubiquitous occurrence of sulfonamides in tropical 
Asian waters. Sci. Total Environ. 452–453, 108–115. 
https://doi.org/10.1016/j.scitotenv.2013.02.027 

Shraim, A., Diab, A., Alsuhaimi, A., Niazy, E., Metwally, M., Amad, M., Sioud, S., Dawoud, 
A., 2017. Analysis of some pharmaceuticals in municipal wastewater of Almadinah 



37 
 

Almunawarah. Arab. J. Chem. 10, S719–S729. 
https://doi.org/10.1016/j.arabjc.2012.11.014 

Sim, W.-J., Kim, H.-Y., Choi, S.-D., Kwon, J.-H., Oh, J.-E., 2013. Evaluation of 
pharmaceuticals and personal care products with emphasis on anthelmintics in human 
sanitary waste, sewage, hospital wastewater, livestock wastewater and receiving water. 
J. Hazard. Mater. 248–249, 219–227. https://doi.org/10.1016/j.jhazmat.2013.01.007 

Sim, W.-J., Lee, J.-W., Lee, E.-S., Shin, S.-K., Hwang, S.-R., Oh, J.-E., 2011. Occurrence and 
distribution of pharmaceuticals in wastewater from households, livestock farms, 
hospitals and pharmaceutical manufactures. Chemosphere 82, 179–186. 
https://doi.org/10.1016/j.chemosphere.2010.10.026 

Sim, W.-J., Lee, J.-W., Oh, J.-E., 2010. Occurrence and fate of pharmaceuticals in wastewater 
treatment plants and rivers in Korea. Environ. Pollut. 158, 1938–1947. 
https://doi.org/10.1016/j.envpol.2009.10.036 

Singer, A.C., Järhult, J.D., Grabic, R., Khan, G.A., Lindberg, R.H., Fedorova, G., Fick, J., 
Bowes, M.J., Olsen, B., Söderström, H., 2014. Intra- and Inter-Pandemic Variations of 
Antiviral, Antibiotics and Decongestants in Wastewater Treatment Plants and 
Receiving Rivers. PLOS ONE 9, e108621. 
https://doi.org/10.1371/journal.pone.0108621 

Skliros, E., Merkouris, P., Papazafiropoulou, A., Gikas, A., Matzouranis, G., Papafragos, C., 
Tsakanikas, I., Zarbala, I., Vasibosis, A., Stamataki, P., Sotiropoulos, A., 2010. Self-
medication with antibiotics in rural population in Greece: a cross-sectional multicenter 
study. BMC Fam. Pract. 11, 58. https://doi.org/10.1186/1471-2296-11-58 

Sörengård, M., Campos-Pereira, H., Ullberg, M., Lai, F.Y., Golovko, O., Ahrens, L., 2019. 
Mass loads, source apportionment, and risk estimation of organic micropollutants from 
hospital and municipal wastewater in recipient catchments. Chemosphere 234, 931–
941. https://doi.org/10.1016/j.chemosphere.2019.06.041 

Southern Shrimp Alliance, 2017. Minh Phu Leads the FDA’s March Shrimp Refusals for 
Antibiotics; Japanese and Canadian Government Reporting Also Indicate Issues. South. 
Shrimp Alliance. 

Stadler, L.B., Ernstoff, A.S., Aga, D.S., Love, N.G., 2012. Micropollutant Fate in Wastewater 
Treatment: Redefining “Removal.” Environ. Sci. Technol. 46, 10485–10486. 
https://doi.org/10.1021/es303478w 

Stevens-Garmon, J., Drewes, J.E., Khan, S.J., McDonald, J.A., Dickenson, E.R.V., 2011. 
Sorption of emerging trace organic compounds onto wastewater sludge solids. Water 
Res. 45, 3417–3426. https://doi.org/10.1016/j.watres.2011.03.056 

Subedi, B., Balakrishna, K., Joshua, D.I., Kannan, K., 2017. Mass loading and removal of 
pharmaceuticals and personal care products including psychoactives, antihypertensives, 
and antibiotics in two sewage treatment plants in southern India. Chemosphere 167, 
429–437. https://doi.org/10.1016/j.chemosphere.2016.10.026 

Subedi, B., Balakrishna, K., Sinha, R.K., Yamashita, N., Balasubramanian, V.G., Kannan, K., 
2015. Mass loading and removal of pharmaceuticals and personal care products, 
including psychoactive and illicit drugs and artificial sweeteners, in five sewage 
treatment plants in India. J. Environ. Chem. Eng. 3, 2882–2891. 
https://doi.org/10.1016/j.jece.2015.09.031 

Takada, H., Satoh, F., Satoh, F., Bothner, M.H., Tripp, B.W., Johnson, C.G., Farrington, J.W., 
1997. Anthropogenic Molecular Markers: Tools To Identify the Sources and Transport 
Pathways of Pollutants, in: Molecular Markers in Environmental Geochemistry, ACS 
Symposium Series. American Chemical Society, pp. 178–195. 
https://doi.org/10.1021/bk-1997-0671.ch012 



38 
 

Talan, D.A., Naber, K.G., Palou, J., Elkharrat, D., 2004. Extended-release ciprofloxacin (Cipro 
XR) for treatment of urinary tract infections. Int. J. Antimicrob. Agents 23, 54–66. 
https://doi.org/10.1016/j.ijantimicag.2003.12.005 

Teerlink, J., Hering, A.S., Higgins, C.P., Drewes, J.E., 2012. Variability of trace organic 
chemical concentrations in raw wastewater at three distinct sewershed scales. Water 
Res. 46, 3261–3271. https://doi.org/10.1016/j.watres.2012.03.018 

ter Laak, T.L., van der Aa, M., Houtman, C.J., Stoks, P.G., van Wezel, A.P., 2010. Relating 
environmental concentrations of pharmaceuticals to consumption: A mass balance 
approach for the river Rhine. Environ. Int. 36, 403–409. 
https://doi.org/10.1016/j.envint.2010.02.009 

Ternes, T.A., Bonerz, M., Herrmann, N., Teiser, B., Andersen, H.R., 2007. Irrigation of treated 
wastewater in Braunschweig, Germany: An option to remove pharmaceuticals and musk 
fragrances. Chemosphere 66, 894–904. 
https://doi.org/10.1016/j.chemosphere.2006.06.035 

Terzić, S., Senta, I., Ahel, M., Gros, M., Petrović, M., Barcelo, D., Müller, J., Knepper, T., 
Martí, I., Ventura, F., Jovančić, P., Jabučar, D., 2008. Occurrence and fate of emerging 
wastewater contaminants in Western Balkan Region. Sci. Total Environ. 399, 66–77. 
https://doi.org/10.1016/j.scitotenv.2008.03.003 

Tewari, S., Jindal, R., Kho, Y.L., Eo, S., Choi, K., 2013. Major pharmaceutical residues in 
wastewater treatment plants and receiving waters in Bangkok, Thailand, and associated 
ecological risks. Chemosphere 91, 697–704. 
https://doi.org/10.1016/j.chemosphere.2012.12.042 

Thai, P.K., Ky, L.X., Binh, V.N., Nhung, P.H., Nhan, P.T., Hieu, N.Q., Dang, N.T.T., Tam, 
N.K.B., Anh, N.T.K., 2018. Occurrence of antibiotic residues and antibiotic-resistant 
bacteria in effluents of pharmaceutical manufacturers and other sources around Hanoi, 
Vietnam. Sci. Total Environ. 645, 393–400. 
https://doi.org/10.1016/j.scitotenv.2018.07.126 

Thiebault, T., 2019. Raw and modified clays and clay minerals for the removal of 
pharmaceutical products from aqueous solutions: state of the art and future perspectives. 
Crit. Rev. Environ. Sci. Technol. https://doi.org/10.1080/10643389.2019.1663065 

Thiebault, T., Chassiot, L., Fougère, L., Destandau, E., Simonneau, A., Van Beek, P., Souhaut, 
M., Chapron, E., 2017a. Record of pharmaceutical products in river sediments: A 
powerful tool to assess the environmental impact of urban management? Anthropocene 
18, 47–56. https://doi.org/10.1016/j.ancene.2017.05.006 

Thiebault, T., Fougère, L., Destandau, E., Réty, M., Jacob, J., 2019. Impact of meteorological 
and social events on human-excreted contaminant loads in raw wastewater: From daily 
to weekly dynamics. Chemosphere 230, 107–116. 
https://doi.org/10.1016/j.chemosphere.2019.04.221 

Thiebault, T., Fougère, L., Destandau, E., Réty, M., Jacob, J., 2017b. Temporal dynamics of 
human-excreted pollutants in wastewater treatment plant influents: Toward a better 
knowledge of mass load fluctuations. Sci. Total Environ. 596–597, 246–255. 
https://doi.org/10.1016/j.scitotenv.2017.04.130 

Thomaidis, N.S., Gago-Ferrero, P., Ort, C., Maragou, N.C., Alygizakis, N.A., Borova, V.L., 
Dasenaki, M.E., 2016. Reflection of Socioeconomic Changes in Wastewater: Licit and 
Illicit Drug Use Patterns. Environ. Sci. Technol. 50, 10065–10072. 
https://doi.org/10.1021/acs.est.6b02417 

Thomas, K.V., Bijlsma, L., Castiglioni, S., Covaci, A., Emke, E., Grabic, R., Hernández, F., 
Karolak, S., Kasprzyk-Hordern, B., Lindberg, R.H., Lopez de Alda, M., Meierjohann, 
A., Ort, C., Pico, Y., Quintana, J.B., Reid, M., Rieckermann, J., Terzic, S., van Nuijs, 
A.L.N., de Voogt, P., 2012. Comparing illicit drug use in 19 European cities through 



39 
 

sewage analysis. Sci. Total Environ. 432, 432–439. 
https://doi.org/10.1016/j.scitotenv.2012.06.069 

Thomas, K.V., Dye, C., Schlabach, M., Langford, K.H., 2007. Source to sink tracking of 
selected human pharmaceuticals from two Oslo city hospitals and a wastewater 
treatment works. J. Environ. Monit. 9, 1410–1418. https://doi.org/10.1039/B709745J 

Thuy, H.T.T., Nga, L.P., Loan, T.T.C., 2011. Antibiotic contaminants in coastal wetlands from 
Vietnamese shrimp farming. Environ. Sci. Pollut. Res. 18, 835–841. 
https://doi.org/10.1007/s11356-011-0475-7 

Tran, N.H., Chen, H., Reinhard, M., Mao, F., Gin, K.Y.-H., 2016. Occurrence and removal of 
multiple classes of antibiotics and antimicrobial agents in biological wastewater 
treatment processes. Water Res. 104, 461–472. 
https://doi.org/10.1016/j.watres.2016.08.040 

Tran, N.H., Hoang, L., Nghiem, L.D., Nguyen, N.M.H., Ngo, H.H., Guo, W., Trinh, Q.T., Mai, 
N.H., Chen, H., Nguyen, D.D., Ta, T.T., Gin, K.Y.-H., 2019a. Occurrence and risk 
assessment of multiple classes of antibiotics in urban canals and lakes in Hanoi, 
Vietnam. Sci. Total Environ. 692, 157–174. 
https://doi.org/10.1016/j.scitotenv.2019.07.092 

Tran, N.H., Hu, J., Li, J., Ong, S.L., 2014a. Suitability of artificial sweeteners as indicators of 
raw wastewater contamination in surface water and groundwater. Water Res. 48, 443–
456. https://doi.org/10.1016/j.watres.2013.09.053 

Tran, N.H., Li, J., Hu, J., Ong, S.L., 2014b. Occurrence and suitability of pharmaceuticals and 
personal care products as molecular markers for raw wastewater contamination in 
surface water and groundwater. Environ. Sci. Pollut. Res. 21, 4727–4740. 
https://doi.org/10.1007/s11356-013-2428-9 

Tran, N.H., Reinhard, M., Gin, K.Y.-H., 2018. Occurrence and fate of emerging contaminants 
in municipal wastewater treatment plants from different geographical regions-a review. 
Water Res. 133, 182–207. https://doi.org/10.1016/j.watres.2017.12.029 

Tran, N.H., Reinhard, M., Khan, E., Chen, H., Nguyen, V.T., Li, Y., Goh, S.G., Nguyen, Q.B., 
Saeidi, N., Gin, K.Y.-H., 2019b. Emerging contaminants in wastewater, stormwater 
runoff, and surface water: Application as chemical markers for diffuse sources. Sci. 
Total Environ. 676, 252–267. https://doi.org/10.1016/j.scitotenv.2019.04.160 

Trovó, A.G., Nogueira, R.F.P., Agüera, A., Sirtori, C., Fernández-Alba, A.R., 2009. 
Photodegradation of sulfamethoxazole in various aqueous media: Persistence, toxicity 
and photoproducts assessment. Chemosphere 77, 1292–1298. 
https://doi.org/10.1016/j.chemosphere.2009.09.065 

Tsakris, A., Johnson, A.P., George, R.C., Mehtar, S., Vatopoulos, A.C., 1991. Distribution and 
transferability of plasmids encoding trimethoprim resistance in urinary pathogens from 
Greece. J. Med. Microbiol. 34, 153–157. https://doi.org/10.1099/00222615-34-3-153 

Tunkel, J., Howard, P.H., Boethling, R.S., Stiteler, W., Loonen, H., 2000. Predicting ready 
biodegradability in the Japanese ministry of international trade and industry test. 
Environ. Toxicol. Chem. 19, 2478–2485. https://doi.org/10.1002/etc.5620191013 

UK-VARSS, 2018. UK Veterinary Antibiotic Resistance and Sales Surveillance Report (UK-
VARSS 2017). Veterinary Medicine Directorate, New Haw, Addlestone. 

Van Boeckel, T.P., Gandra, S., Ashok, A., Caudron, Q., Grenfell, B.T., Levin, S.A., 
Laxminarayan, R., 2014. Global antibiotic consumption 2000 to 2010: an analysis of 
national pharmaceutical sales data. Lancet Infect. Dis. 14, 742–750. 
https://doi.org/10.1016/S1473-3099(14)70780-7 

Van Hal, G., 2019. Sewage as an information source on (illicit) substance use: a sociological 
and public health view. Curr. Opin. Environ. Sci. Health 9, 34–39. 
https://doi.org/10.1016/j.coesh.2019.03.005 



40 
 

Vanderford, B.J., Snyder, S.A., 2006. Analysis of Pharmaceuticals in Water by Isotope Dilution 
Liquid Chromatography/Tandem Mass Spectrometry. Environ. Sci. Technol. 40, 7312–
7320. https://doi.org/10.1021/es0613198 

Vatovec, C., Phillips, P., Van Wagoner, E., Scott, T.-M., Furlong, E., 2016. Investigating 
dynamic sources of pharmaceuticals: Demographic and seasonal use are more important 
than down-the-drain disposal in wastewater effluent in a University City setting. Sci. 
Total Environ. 572, 906–914. https://doi.org/10.1016/j.scitotenv.2016.07.199 

Vergeynst, L., Haeck, A., De Wispelaere, P., Van Langenhove, H., Demeestere, K., 2015. 
Multi-residue analysis of pharmaceuticals in wastewater by liquid chromatography–
magnetic sector mass spectrometry: Method quality assessment and application in a 
Belgian case study. Chemosphere 119, Supplement, S2–S8. 
https://doi.org/10.1016/j.chemosphere.2014.03.069 

Vergili, I., Kaya, Y., Gönder, Z.B., Boergers, A., Tuerk, J., 2019. Occurence and Prioritization 
of Pharmaceutical Active Compounds in Domestic/Municipal Wastewater Treatment 
Plants. Bull. Environ. Contam. Toxicol. 102, 252–258. https://doi.org/10.1007/s00128-
019-02550-z 

Verlicchi, P., Al Aukidy, M., Galletti, A., Petrovic, M., Barceló, D., 2012. Hospital effluent: 
Investigation of the concentrations and distribution of pharmaceuticals and 
environmental risk assessment. Sci. Total Environ. 430, 109–118. 
https://doi.org/10.1016/j.scitotenv.2012.04.055 

Verlicchi, P., Galletti, A., Petrovic, M., Barceló, D., 2010. Hospital effluents as a source of 
emerging pollutants: An overview of micropollutants and sustainable treatment options. 
J. Hydrol. 389, 416–428. https://doi.org/10.1016/j.jhydrol.2010.06.005 

Verlicchi, P., Galletti, A., Petrovic, M., Barceló, D., Al Aukidy, M., Zambello, E., 2013. 
Removal of selected pharmaceuticals from domestic wastewater in an activated sludge 
system followed by a horizontal subsurface flow bed — Analysis of their respective 
contributions. Sci. Total Environ. 454–455, 411–425. 
https://doi.org/10.1016/j.scitotenv.2013.03.044 

Vree, T.B., Hekster, Y.A., 1987. Clinical pharmacokinetics of sulfonamides and their 
metabolites: an encyclopedia. Antibiot. Chemother. 37, 1–214. 
https://doi.org/10.1159/isbn.978-3-318-03212-3 

Wahlberg, C., Björlenius, B., Paxéus, N., 2011. Fluxes of 13 selected pharmaceuticals in the 
water cycle of Stockholm, Sweden. Water Sci. Technol. 63, 1772–1780. 
https://doi.org/10.2166/wst.2011.124 

Walker, A., Ford, D., Gilks, C., Munderi, P., Ssali, F., Reid, A., Katabira, E., Grosskurth, H., 
Mugyenyi, P., Hakim, J., Darbyshire, J., Gibb, D., Babiker, A., 2010. Daily co-
trimoxazole prophylaxis in severely immunosuppressed HIV-infected adults in Africa 
started on combination antiretroviral therapy: an observational analysis of the DART 
cohort. The Lancet 375, 1278–1286. https://doi.org/10.1016/S0140-6736(10)60057-8 

Wang, Q., Duan, Y.-J., Wang, S.-P., Wang, L.-T., Hou, Z.-L., Cui, Y.-X., Hou, J., Das, R., 
Mao, D.-Q., Luo, Y., 2019. Occurrence and distribution of clinical and veterinary 
antibiotics in the faeces of a Chinese population. J. Hazard. Mater. 121129. 
https://doi.org/10.1016/j.jhazmat.2019.121129 

Warner, W., Licha, T., Nödler, K., 2019. Qualitative and quantitative use of micropollutants as 
source and process indicators. A review. Sci. Total Environ. 686, 75–89. 
https://doi.org/10.1016/j.scitotenv.2019.05.385 

Warren, J.W., Abrutyn, E., Hebel, J.R., Johnson, J.R., Schaeffer, A.J., Stamm, W.E., 1999. 
Guidelines for Antimicrobial Treatment of Uncomplicated Acute Bacterial Cystitis and 
Acute Pyelonephritis in Women. Clin. Infect. Dis. 29, 745–759. 
https://doi.org/10.1086/520427 



41 
 

Watanabe, N., Bergamaschi, B.A., Loftin, K.A., Meyer, M.T., Harter, T., 2010. Use and 
Environmental Occurrence of Antibiotics in Freestall Dairy Farms with Manured 
Forage Fields. Environ. Sci. Technol. 44, 6591–6600. 
https://doi.org/10.1021/es100834s 

Watkinson, A.J., Murby, E.J., Costanzo, S.D., 2007. Removal of antibiotics in conventional 
and advanced wastewater treatment: Implications for environmental discharge and 
wastewater recycling. Water Res. 41, 4164–4176. 
https://doi.org/10.1016/j.watres.2007.04.005 

Watkinson, A.J., Murby, E.J., Kolpin, D.W., Costanzo, S.D., 2009. The occurrence of 
antibiotics in an urban watershed: From wastewater to drinking water. Sci. Total 
Environ. 407, 2711–2723. https://doi.org/10.1016/j.scitotenv.2008.11.059 

WHO, 2017. Executive Summary - The Selection and Use of Essential Medicines. World 
Health Organization, Geneva. 

WHOCC - ATC/DDD Index [WWW Document], n.d. URL 
https://www.whocc.no/atc_ddd_index/ (accessed 11.8.19). 

Wierup, M., Löwenhielm, C., Wold-Troell, M., Agenäs, I., 1987. Animal consumption of 
antibiotics and chemotherapeutic drugs in Sweden during 1980, 1982 and 1984. Vet. 
Res. Commun. 11, 397–405. https://doi.org/10.1007/BF00380624 

Xie, W.-Y., Shen, Q., Zhao, F.J., 2018. Antibiotics and antibiotic resistance from animal 
manures to soil: a review. Eur. J. Soil Sci. 69, 181–195. 
https://doi.org/10.1111/ejss.12494 

Xing, Y., Chen, X., Zhuang, J., Chen, X., 2015. What happens when pharmaceuticals meet 
colloids. Ecotoxicology 1–15. https://doi.org/10.1007/s10646-015-1557-y 

Xu, J., Xu, Y., Wang, H., Guo, C., Qiu, H., He, Y., Zhang, Y., Li, X., Meng, W., 2015. 
Occurrence of antibiotics and antibiotic resistance genes in a sewage treatment plant 
and its effluent-receiving river. Chemosphere 119, 1379–1385. 
https://doi.org/10.1016/j.chemosphere.2014.02.040 

Yan, Q., Gao, X., Chen, Y.-P., Peng, X.-Y., Zhang, Y.-X., Gan, X.-M., Zi, C.-F., Guo, J.-S., 
2014. Occurrence, fate and ecotoxicological assessment of pharmaceutically active 
compounds in wastewater and sludge from wastewater treatment plants in Chongqing, 
the Three Gorges Reservoir Area. Sci. Total Environ. 470–471, 618–630. 
https://doi.org/10.1016/j.scitotenv.2013.09.032 

Yang, X., Flowers, R.C., Weinberg, H.S., Singer, P.C., 2011. Occurrence and removal of 
pharmaceuticals and personal care products (PPCPs) in an advanced wastewater 
reclamation plant. Water Res. 45, 5218–5228. 
https://doi.org/10.1016/j.watres.2011.07.026 

Yang, Y.-Y., Liu, W.-R., Liu, Y.-S., Zhao, J.-L., Zhang, Q.-Q., Zhang, M., Zhang, J.-N., Jiang, 
Y.-X., Zhang, L.-J., Ying, G.-G., 2017. Suitability of pharmaceuticals and personal care 
products (PPCPs) and artificial sweeteners (ASs) as wastewater indicators in the Pearl 
River Delta, South China. Sci. Total Environ. 590–591, 611–619. 
https://doi.org/10.1016/j.scitotenv.2017.03.001 

Yi, X., Tran, N.H., Yin, T., He, Y., Gin, K.Y.-H., 2017. Removal of selected PPCPs, EDCs, 
and antibiotic resistance genes in landfill leachate by a full-scale constructed wetlands 
system. Water Res. 121, 46–60. https://doi.org/10.1016/j.watres.2017.05.008 

Yilmaz, G., Kaya, Y., Vergili, I., Beril Gönder, Z., Özhan, G., Ozbek Celik, B., Altinkum, S.M., 
Bagdatli, Y., Boergers, A., Tuerk, J., 2017. Characterization and toxicity of hospital 
wastewaters in Turkey. Environ. Monit. Assess. 189, 55. 
https://doi.org/10.1007/s10661-016-5732-2 

Yuan, X., Qiang, Z., Ben, W., Zhu, B., Qu, J., 2015. Distribution, mass load and environmental 
impact of multiple-class pharmaceuticals in conventional and upgraded municipal 



42 
 

wastewater treatment plants in East China. Environ. Sci. Process. Impacts 17, 596–605. 
https://doi.org/10.1039/C4EM00596A 

Zhang, Q.-Q., Ying, G.-G., Pan, C.-G., Liu, Y.-S., Zhao, J.-L., 2015. Comprehensive 
Evaluation of Antibiotics Emission and Fate in the River Basins of China: Source 
Analysis, Multimedia Modeling, and Linkage to Bacterial Resistance. Environ. Sci. 
Technol. 49, 6772–6782. https://doi.org/10.1021/acs.est.5b00729 

Zhang, Y., Duan, L., Wang, B., Du, Y., Cagnetta, G., Huang, J., Blaney, L., Yu, G., 2019. 
Wastewater-based epidemiology in Beijing, China: Prevalence of antibiotic use in flu 
season and association of pharmaceuticals and personal care products with 
socioeconomic characteristics. Environ. Int. 125, 152–160. 
https://doi.org/10.1016/j.envint.2019.01.061 

Zhou, L.-J., Ying, G.-G., Liu, S., Zhao, J.-L., Yang, B., Chen, Z.-F., Lai, H.-J., 2013. 
Occurrence and fate of eleven classes of antibiotics in two typical wastewater treatment 
plants in South China. Sci. Total Environ. 452, 365–376. 
https://doi.org/10.1016/j.scitotenv.2013.03.010 

 



Table 1: Main characteristics of the reviewed WI, with Cont. the continent (N.Am. for North-America, S.Am. for South-America, Eur. for Europe and Oce. for 

Oceania), Town, the WWTP city or the state/region if the city was not available (*), nins the number of WWTPs investigated in each study, nsamp, the number of 

samples analyzed in each study, CSMX, the mean concentration of SMX (for nsamp=1, C corresponds to the unique given data, and † for median concentration), 

CTMP, the mean concentration of TMP (for nsamp=1, C corresponds to the unique given data, and † for median concentration), Ratio, the ratio between the 

concentration of SMX and TMP, Flow, the daily flow of WI, EH, the population-equivalent amount in the catchment of each WWTP, Samp., the sampling mode 

with F. for flow-enslaved composite, T. for time composites and G. for grab samples, Year, the year of sampling of WI and WW Origin, the given origins of 

wastewater, with Mun. for municipal, Dom. for domestic, Ind. for industrial and Hosp. for hospital. n.a. corresponds to non-available data. 
Reference Cont. Country Town/State nins nsamp CSMX 

µg.L-1 

CTMP 

µg.L-1 

Ratio 
SMX/TMP 

Flow  

103 m3.d-1 

EH 

103 PE 

Samp. Year WW Origin 

(Göbel et al., 2004) Eur. Switzerland Kloten 1 2 0.343 0.168 2.04 16 54 F. 03 Dom.+Airport 

(Göbel et al., 2004) Eur. Switzerland Altenrhein 1 2 0.641 0.110 5.83 21 40 F. 03 Dom. 
(Bendz et al., 2005) Eur. Sweden Källby 1 1 0.02 0.08 0.25 31 79 F. 02 n.a. 

(Göbel et al., 2005) Eur. Switzerland Kloten 1 3 0.126 0.085 1.48 16 55 F. 02/03 Dom. 

(Göbel et al., 2005) Eur. Switzerland Altenrhein 1 2 0.113 0.061 1.84 21 80 F. 02/03 Dom.+Airport 
(Lindberg et al., 2005) Eur. Sweden Stockholm 1 2 0.394 0.252 1.56 200 644 F. 02/03 Dom.+Ind. 

(Lindberg et al., 2005) Eur. Sweden Umeå 1 2 0.116 0.375 0.31 26 82 F. 02/03 Dom.+Ind. 

(Lindberg et al., 2005) Eur. Sweden Kalmar 1 2 0.169 0.924 0.18 15 50 F. 02/03 Dom.+Ind. 
(Lindberg et al., 2005) Eur. Sweden Floda 1 2 0.151 0.598 0.25 2.4 10 F. 02/03 Dom. 

(Brown et al., 2006) N.Am. USA Albuquerque 1 1 0.39 0.59 0.66 200 n.a. T. 03 Mun. 

(Brown et al., 2006) N.Am. USA Hagerman 1 1 1 1.4 0.71 n.a. n.a. G. 03 Mun. 
(Brown et al., 2006) N.Am. USA Portales 1 1 0.4 1 0.40 n.a. n.a. G. 03 Mun. 

(Gros et al., 2006) Eur. Croatia n.a. 5 5 0.59 1.17 0.50 n.a. n.a. G. n.a. Mun. 

(Karthikeyan and Meyer, 2006) N.Am. USA Wisconsin* 1 1 1.25 1.1 1.14 36 73 T. 01 Mun. 
(Karthikeyan and Meyer, 2006) N.Am. USA Wisconsin* 1 1 0.17 0.58 0.29 110 150 T. 01 Mun. 

(Karthikeyan and Meyer, 2006) N.Am. USA Wisconsin* 1 1 0.56 1.30 0.43 6.0 Sev 1.0 T. 01 Mun. 
(Karthikeyan and Meyer, 2006) N.Am. USA Wisconsin* 1 1 0.13 0.05 2.6 4.0 4.7 G. 02 Mun. 

(Karthikeyan and Meyer, 2006) N.Am. USA Wisconsin* 1 1 0.35 0.7 0.5 4.0 3.3 G. 02 Mun. 

(Karthikeyan and Meyer, 2006) N.Am. USA Wisconsin* 1 1 0.45 0.12 3.75 2.0 2.6 G. 02 Mun. 
(Vanderford and Snyder, 2006) N.Am. USA Las Vegas 1 6 2.06 1.14 1.81 340 650 n.a. n.a. Mun. 

(Batt et al., 2007) N.Am. USA Amherst 1 2 2.8 7.9 0.35 114 n.a. G. n.a. n.a. 

(Batt et al., 2007) N.Am. USA East Aurora 1 2 0.88 7 0.13 12 n.a. G. n.a. n.a. 
(Batt et al., 2007) N.Am. USA Holland 1 2 0.75 2.3 0.33 0.3 n.a. G. n.a. n.a. 

(Batt et al., 2007) N.Am. USA Lackawana 1 2 0.72 2.1 0.34 170 n.a. G. n.a. n.a. 

(Kim et al., 2007) Asia South Korea n.a. 1 n.a. 0.194 0.021 9.24 0.001 n.a. n.a. 04/05 Univ. 
(McClure and Wong, 2007) N.Am. Canada Edmonton 1 1 0.65 0.27 2.41 n.a. 700 T. 07 n.a. 

(Martínez Bueno et al., 2007) Eur. Spain n.a. 5 19 0.275 0.331 0.83 n.a. n.a. T. 07 Dom.+Ind. 

(Ternes et al., 2007) Eur. Germany Braunschweig 1 4 0.82 1.1 0.75 60 385 F. 03 Mun. 
(Thomas et al., 2007) Eur. Norway Slemmestad 1 7 0.125 0.835 0.15 317 440 T. 06 n.a. 

(Watkinson et al., 2007) Oce. Australia Brisbane 2 6 0.36† 0.34† 1.06 140 700 G. 06 Dom.+Hosp. 

(Chang et al., 2008) Asia Japan Saitama 1 1 0.007 0.042 0.16 n.a. n.a. G. 07 Dom. 
(Chang et al., 2008) Asia Japan Saitama 1 1 0.027 0.014 1.93 n.a. n.a. G. 07 Dom. 

(Choi et al., 2008) Asia South Korea TanCheon 1 3 0.560 0.151 3.69 1100 n.a. G. 05 Dom. 

(Choi et al., 2008) Asia South Korea JungRan 1 3 0.524 0.220 2.38 1710 n.a. G. 05 Dom. 
(Choi et al., 2008) Asia South Korea NanJi 1 3 0.409 0.040 10.13 1000 n.a. G. 05 Dom. 

(Choi et al., 2008) Asia South Korea SeoNam 1 3 0.597 0.21 2.84 2000 n.a. G. 05 Dom. 

(Senta et al., 2008) Eur. Croatia Velicka Gorica 1 1 4.664 2.038 2.29 n.a. n.a. G. 07 Mun. 



(Senta et al., 2008) Eur. Croatia Cakovec 1 1 0.194 0.067 2.90 n.a. n.a. T. 06 Mun. 

(Terzić et al., 2008) Eur. Balkans* n.a. 17 24 1.18 0.781 1.51 n.a. n.a. G. 04/05 Mun. 

(Gros et al., 2009) Eur. Spain Catalonia* 3 n.a. 0.354 0.05 7.08 n.a. n.a. G. n.a. n.a. 
(Kasprzyk-Hordern et al., 2009) Eur. UK Colsech 1 n.a. 0.115 2.925 0.04 20 30 F. 07 Dom.+Ind. 

(Kasprzyk-Hordern et al., 2009) Eur. UK Cilfynydd 1 n.a. 0.029 2.192 0.01 30 110 G. 07 Mun. 

(Li et al., 2009) Asia China (HK) Shatin 1 2 0.147 0.129 1.14 232 600 G. 08 Mun. 
(Li et al., 2009) Asia China (HK) Stanley 1 2 0.356 0.161 2.21 8.0 27 G. 08 Mun. 

(Radjenović et al., 2009) Eur. Spain Terrassa 1 9 0.093 0.204 0.46 42 277 F. 07 Mun. 

(Watkinson et al., 2009) Oce. Australia Queensland* 5 19 0.25† 0.43† 0.58 n.a. n.a. T. 05/06 Dom.+Ind. 
(Chang et al., 2010) Asia China Chongqing 1 1 2.02 0.18 11.22 n.a. n.a. G. 04 n.a. 

(Plósz et al., 2010) Eur. Norway Oslo* 1 9 0.248 0.312 0.80 75 281 F. 07 Dom.+Ind. 

(Rosal et al., 2010) Eur. Spain Alcalá de Hen. 1 12 0.279 0.104 2.68 72 n.a. T. n.a. Dom.+Ind. 
(Behera et al., 2011) Asia South Korea Ulsan 5 5 0.12 0.205 0.59 451 1100 T. 10 Dom.+Ind. 

(Gerrity et al., 2011) N.Am. USA n.a. 1 48 0.988 0.662 1.49 380 1000 T. 09/10 Mun. 

(Hijosa-Valsero et al., 2011) Eur. Spain Leon 1 5 0.26 0.1 2.6 123 330 T. 09 Mun. 
(Li and Zhang, 2011) Asia China (HK) Shatin 1 4 0.082 0.122 0.67 232 600 F. 09/10 Mun. 

(Li and Zhang, 2011) Asia China (HK) Stanley 1 4 0.220 0.155 1.42 7.9 27 F. 09/10 Mun. 

(Matsuo et al., 2011) Asia Japan Kumamoto 1 4 0.513 0.27 1.90 53 n.a. F. 09/10 Mun. 
(Murata et al., 2011) Asia Japan Tokyo 5 9 0.119 0.047 2.56 n.a. n.a. T. 07/09 n.a. 

(Sim et al., 2011) Asia South Korea n.a. 12 30 0.254 0.230 1.10 n.a. n.a. G. 08 Mun. 

(Sim et al., 2011) Asia South Korea n.a. 4 8 166 62.9 2.64 n.a. n.a. G. 08 Ph. 
(Wahlberg et al., 2011) Eur. Sweden Stockholm* 3 30 0.25 0.19 1.32 500 1500 F. n.a. n.a. 

(Yang et al., 2011) N.Am. USA Gwinnette Coun. 1 12 2.6 0.61 4.26 227 n.a. F. 08 Mun. 

(Dinh, 2012) Eur. France Limours 1 6 0.538 0.143 3.76 2.9 20 G. 10/11 Mun. 
(Gracia-Lor et al., 2012) Eur. Spain Castellon de la Pl. 1 14 0.45† 0.1† 4.50 36 265 T. 09 Mun. 

(Gros et al., 2012) Eur. Spain Girona 1 1 0.768 0.204 3.76 n.a. 206 T. n.a. Dom.+Hosp. 

(Le-Minh et al., 2012) Oce. Australia Sydney* 1 6 1.238 0.721 1.72 n.a. 3.8 G. n.a. Mun. 
(Leung et al., 2012) Asia China (HK) Stonecutters Isl. 1 2 0.11 0.095 1.16 1400 3500 T. 08 n.a. 

(Leung et al., 2012) Asia China (HK) Shatin 1 2 0.14 0.114 1.23 250 600 T. 08 Mun. 

(Leung et al., 2012) Asia China (HK) Tai Po 1 1 0.039 0.124 0.31 96 300 T. 08 n.a. 
(Leung et al., 2012) Asia China (HK) Central 1 1 0.128 0.307 0.42 108 305 G. 08 n.a. 

(Leung et al., 2012) Asia China (HK) Wan Chai East 1 1 0.145 0.228 0.64 110 237 G. 08 n.a. 

(Leung et al., 2012) Asia China (HK) Wan Chai West 1 1 0.293 0.555 0.53 27 70 G. 08 n.a. 
(Leung et al., 2012) Asia China (HK) North Point 1 1 0.183 0.428 0.43 90 370 G. 08 n.a. 

(Teerlink et al., 2012) N.Am. USA Boulder 1 24 1.54 0.809 1.90 50 125 T. n.a. Dom.+Ind. 

(Teerlink et al., 2012) N.Am. USA CO Sch. of Mines 1 24 11.2 5.69 1.97 0.015 0.4 T. n.a. Univ. 
(Teerlink et al., 2012) N.Am. USA Septic tank 1 24 0.11 0.012 9.17 0.00005 0.03 T. n.a. Univ. 

(Blair et al., 2013) N.Am. USA Oak Creek 1 6 0.311 0.160 1.94 379 n.a. F. 09/10 Mun. 

(Dan et al., 2013) Asia China Guangzhou 1 12 0.141 0.084 1.68 n.a. n.a. T. 11/12 Univ. 
(Gros et al., 2013) Eur. Spain Girona 1 1 0.528 0.178 2.97 n.a. 206 T. 11 Dom.+Hosp. 

(Gros et al., 2013) Eur. Spain Castellon de la Pl. 1 1 0.18 0.067 2.69 36 265 T. 11 Mun. 
(Khan et al., 2013) Asia Pakistan Lahore 1 3 0.16 0.073 2.19 n.a. n.a. G. 12 Ph. 

(Khan et al., 2013) Asia Pakistan Lahore 1 3 4.7 1 4.7 n.a. n.a. G. 12 Ph. 

(Khan et al., 2013) Asia Pakistan Lahore 1 3 49 28 1.75 n.a. n.a. G. 12 Ph. 
(Margot et al., 2013) Eur. Switzerland Lausanne 1 37 0.34 0.235 1.45 95 220 T. 09/10 Dom.+Hosp. 

(Santos et al., 2013) Eur. Portugal Coimbra 1 7 0.912 0.124 7.35 31 213 T. 11 Dom.+Hosp. 

(Senta et al., 2013) Eur. Croatia Belisce 1 1 0.613 0.035 17.51 n.a. 35 T. 05 Mun. 
(Senta et al., 2013) Eur. Croatia Bjelovar 1 1 0.826 0.365 2.26 n.a. 74 F. 05 Mun. 

(Senta et al., 2013) Eur. Croatia Cakovec 1 1 0.293 0.481 0.61 n.a. 68 F. 05 Mun. 



(Senta et al., 2013) Eur. Croatia Karlovac 1 1 0.735 0.758 0.97 n.a. 117 T. 05 Mun. 

(Senta et al., 2013) Eur. Croatia Novi Zagreb 1 1 11.56 2.555 4.53 n.a. 100 T. 05 Mun. 

(Senta et al., 2013) Eur. Croatia Osijek 1 1 1.184 1.817 0.65 n.a. 285 T. 05 Mun. 
(Senta et al., 2013) Eur. Croatia Rijeka 1 1 1.094 1.045 1.05 n.a. 275 T. 05 Mun. 

(Senta et al., 2013) Eur. Croatia Sisak 1 1 0.858 0.347 2.47 n.a. 52 T. 05 Mun. 

(Senta et al., 2013) Eur. Croatia SlavonskiBrod 1 1 0.387 0.588 0.66 n.a. 93 T. 05 Mun. 
(Senta et al., 2013) Eur. Croatia Split 1 1 0.675 0.776 0.87 n.a. 251 T. 05 Mun. 

(Senta et al., 2013) Eur. Croatia Split-sewer 1 1 0.829 1.068 0.78 n.a. 251 T. 05 Mun. 

(Senta et al., 2013) Eur. Croatia Varazdin 1 1 0.64 3.442 0.19 n.a. 143 T. 05 Mun. 
(Senta et al., 2013) Eur. Croatia Velicka Gorica 1 1 1.944 2.706 0.72 n.a. 48 T. 05 Mun. 

(Senta et al., 2013) Eur. Croatia Vinkovci 1 1 0.943 0.659 1.43 n.a. 55 T. 05 Mun. 

(Senta et al., 2013) Eur. Croatia Zadar 1 1 2.033 2.318 0.88 n.a. 82 T. 05 Mun. 
(Senta et al., 2013) Eur. Croatia Zagreb 1 1 0.72 0.84 0.86 257 1000 T. 05 Dom.+Ind. 

(Senta et al., 2013) Eur. Croatia Zagreb 1 36 0.484 0.148 3.27 257 1000 T. 09 Dom.+Ind. 

(Sim et al., 2013) Asia South Korea Ulsan/Busan 2 3 0.28 0.089 3.15 3.8 n.a. T. 10 Dom. 
(Sim et al., 2013) Asia South Korea Ulsan/Busan 8 13 0.108 0.261 0.41 1273 n.a. T. 10 Mun. 

(Tewari et al., 2013) Asia Thailand Bangkok 5 15 0.017 0.06 0.28 348 2033 T. 11/12 n.a. 

(Verlicchi et al., 2013) Eur. Italy Po Valley* 1 4 0.446 0,058 7.69 28 120 T. 10 Dom. 
(Zhou et al., 2013) Asia China Guangdong* 1 4 0.474 0.154 3.09 74 425 T. 10 Mun. 

(Zhou et al., 2013) Asia China Guangdong* 1 4 0.228 0.090 2.54 96 380 T. 10 Mun. 

(Birošová et al., 2014) Eur. Slovakia Bratislava 1 6 0.103 0.1 1.03 33 125 T. 13 Mun. 
(Birošová et al., 2014) Eur. Slovakia Bratislava 1 6 0.186 0.171 1.09 150 350 T. 13 Mun. 

(Camacho-Muñoz et al., 2014) Eur. Spain Seville 1 48 0.32 0.12 2.67 n.a. 11 T. 11/12 Mun. 

(Collado et al., 2014) Eur. Spain Celra 1 3 0.07 0.054 1.30 2.1 20 F. 11/12 Ind. 
(Du et al., 2014) N.Am. USA Waco, TX 1 16 2.625 0.418 6.29 95 n.a. F. 11/12 Mun. 

(Golovko et al., 2014) Eur. Czech Republic Ceske Budejov. 1 136 0.22† 0.32† 0.69 60 112 T. 11/12 Mun. 

(Guerra et al., 2014) N.Am. Canada n.a. 6 36 0.57† 0.24† 2.38 448 n.a. T. 10-12 Dom.+Ind. 
(Jank et al., 2014) S.Am. Brazil Porto Alegre 1 8 0.473 0.989 0.48 21 170 G. 11 n.a. 

(Kosma et al., 2014) Eur. Greece Ioannina 1 4 0.904 0.132 6.84 25 100 T. 10/11 Dom.+Ind. 

(Kosma et al., 2014) Eur. Greece Arta 1 4 0.112 0.023 4.86 11 38 T. 10/11 Mun. 
(Kosma et al., 2014) Eur. Greece Preveza 1 4 0.120 0.016 7.38 7.0 25 T. 10/11 Mun. 

(Kosma et al., 2014) Eur. Greece Agrinio 1 4 0.016 0.017 0.98 14 90 T. 10/11 Mun. 

(Kosma et al., 2014) Eur. Greece Grevena 1 4 0.133 0.008 16.81 4.0 20 T. 10/11 Mun. 
(Kosma et al., 2014) Eur. Greece Kozani 1 4 0.227 0.034 6.74 10 70 T. 10/11 Mun. 

(Kosma et al., 2014) Eur. Greece Veroia 1 4 0.141 0.023 6.15 9.8 45 T. 10/11 Mun. 

(Lindberg et al., 2014) Eur. Sweden Holmsund 1 7 0.381 0.402 0.95 1.5 3.3 T. 13 Mun. 
(Lindberg et al., 2014) Eur. Sweden Obbola 1 7 0.309 0.401 0.77 0.8 1.4 G. 13 Mun. 

(Lindberg et al., 2014) Eur. Sweden Umeå 1 7 0.221 0.191 1.16 3.5 9.9 T. 13 n.a. 

(Lindberg et al., 2014) Eur. Sweden Umeå 1 7 0.711 0.305 2.33 16 62 T. 13 Dom.+Hosp. 
(Lindberg et al., 2014) Eur. Sweden Umeå 1 7 0.239 0.178 1.34 4.2 17 T. 13 n.a. 

(Lindberg et al., 2014) Eur. Sweden Umeå 1 7 0.073 0.027 2.70 5.9 9.5 T. 13 n.a. 
(Lindberg et al., 2014) Eur. Sweden Umeå 1 7 0.368 0.187 1.97 32 141 F. 13 n.a. 

(Petrović et al., 2014) Eur. Serbia Novi Sad 1 1 0.432 0.259 1.67 n.a. n.a. T. 12 Mun. 

(Rossmann et al., 2014) Eur. Germany Dresden 1 200 0.515† 0.186† 2.77 150 650 G. n.a. Dom.+Hosp. 
(Singer et al., 2014) Eur. UK Benson 1 24 0.057 0.332 0.17 1.4 6.2 T. 11 n.a. 

(Singer et al., 2014) Eur. UK Oxford 1 24 0.169 0.07 2.41 33 208 T. 11 n.a. 

(Yan et al., 2014) Asia China Tangiatuo 1 4 0.806 0.227 3.55 300 805 T. 12/13 Mun. 
(Yan et al., 2014) Asia China Jingkou 1 4 0.055 0.015 3.70 20 130 T. 12/13 Mun. 

(Yan et al., 2014) Asia China Lijiatuo 1 4 0.204 0.045 4.54 40 110 T. 12/13 Mun. 



(Yan et al., 2014) Asia China Jiguanshi 1 4 2.935 0.077 37.94 600 1540 T. 12/13 Mun. 

(Blair et al., 2015) N.Am. USA Oak Creek 1 3 7.4 0.57 12.98 258 n.a. T. 13 Mun. 

(Dasenaki and Thomaidis, 2015) Eur. Greece Athens 1 8 0.218 0.194 1.12 n.a. 3700 F. 11 Mun. 
(Gurke et al., 2015b) Eur. Germany Dresden 1 3 0.264 0.179 1.47 150 650 F. 14 Dom.+Hosp. 

(Gurke et al., 2015a) Eur. Germany Dresden 1 10 0.348 0.236 1.47 150 650 F. 15 Dom.+Hosp. 

(Kuroda et al., 2015) Asia Vietnam Yen So 1 2 2.35 0.235 10 120 n.a. G. 13 Mun. 
(Li et al., 2015) Asia China Linan 1 3 0.645 0.439 1.47 60 300 T. 13 Mun. 

(Li et al., 2015) Asia China Linan 1 3 0.830 0.096 8.66 n.a. 3 T. 13 Dom.+Univ. 

(Mackuľak et al., 2015) Eur. Slovakia Bratislava 1 1 0.272 0.147 1.85 33 125 G. 13 n.a. 
(Mailler et al., 2015) Eur. France Colombes 1 14 0.613 0.054 11.46 240 900 F. 13 Dom. 

(Marx et al., 2015) Eur. Germany Dresden 1 n.a. 0.517 0.224 2.31 150 650 F. 12/13 Dom.+Hosp. 

(Matongo et al., 2015) Afr. South-Africa KwaZulu-Natal* 1 3 59.28 0.13 456 n.a. n.a. G. 13 Dom. 
(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 8 0.98 0.43 2.28 2.6 1 T. 13 Dom.+Hosp. 

(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 8 113.6 20.33 5.59 103 72 T. 13 Mun. 

(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 8 3.68 0.65 5.66 1.3 0.8 T. 13 Dom.+Hosp. 
(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 8 1.52 0.49 3.10 6.8 2.2 T. 13 Mun. 

(Phan et al., 2015) Oce. Australia Kangaroo Vall.* 1 35 2.036 0.376 5.42 0.15 1 G. 12-14 Dom. 

(Rodriguez-Mozaz et al., 2015) Eur. Spain Girona 1 3 0.331 0.088 3.77 51 n.a. G. 11/12 Dom.+Hosp. 
(Subedi et al., 2015) Asia India Saidpur 1 1 0.195 0.033 5.91 19 350 G. 13 Dom. 

(Subedi et al., 2015) Asia India Beur 1 1 0.288 0.091 3.17 21 275 G. 13 Dom. 

(Subedi et al., 2015) Asia India Coimbatore 1 1 0.552 0.156 3.54 22 350 G. 13 Dom. 
(Subedi et al., 2015) Asia India Udupi 1 1 0.414 0.16 2.59 2.0 10 G. 13 Dom. 

(Subedi et al., 2015) Asia India Manipal 1 1 2.26 0.036 63.48 2.0 12 G. 13 Dom. 

(Vergeynst et al., 2015) Eur. Belgium Schilde 1 1 0.245 0.158 1.55 13 28 T. 13 n.a. 
(Vergeynst et al., 2015) Eur. Belgium Aalst 1 1 0.429 0.228 1.88 21 100 T. 13 n.a. 

(Xu et al., 2015) Asia China Beijing 1 1 0.263 1.955 0.13 n.a. n.a. n.a. n.a. n.a. 

(Yuan et al., 2015) Asia China Wuxi 1 3 0.224 0.047 4.81 200 820 F. 13 Mun. 
(Yuan et al., 2015) Asia China Wuxi 1 3 0.247 0.041 6.01 150 660 F. 13 Mun. 

(Anumol et al., 2016) Asia India Chennai 1 3 0.71 0.32 2.22 54 n.a. G. 13/14 Dom.+Ind. 

(Anumol et al., 2016) Asia India Chennai 1 3 0.83 0.55 1.51 40 n.a. G. 13/14 Dom.+Ind. 
(Anumol et al., 2016) Asia India Chennai 1 11 0.25 0.17 1.47 1.4 15 G. 14 Univ. 

(Cardenas et al., 2016) Oce. Australia South-Queensland* 1 4 3.57 2.35 1.52 45 180 G. 12 Mun. 

(K’oreje et al., 2016) Afr. Kenya Nairobi 1 2 10140 4250 2.39 445 600 G. 12 n.a. 
(K’oreje et al., 2016) Afr. Kenya Kisumu 1 2 54830 72850 0.75 6.6 50 G. 13 n.a. 

(K’oreje et al., 2016) Afr. Kenya Kisumu 1 2 23840 55750 0.43 6.8 50 G. 13 n.a. 

(Mohapatra et al., 2016) N.Am. USA South-East* 1 8 2.4 1 2.4 135 n.a. T. 10 Mun. 
(Mohapatra et al., 2016) N.Am. USA South-East* 1 8 2.6 0.9 2.89 75 n.a. T. 10 Mun. 

(Papageorgiou et al., 2016) Eur. Greece Volos 1 24 0.088 0.138 0.64 32 145 T. 13/14 Dom.Hosp. 

(Paxéus et al., 2016) Eur. Sweden Gothenburg 1 33 0.052 0.080 0.65 370 670 F. 06-15 Dom.+Ind. 
(Petrie et al., 2016) Eur. UK South-West* 1 3 0.113 0.672 0.17 n.a. 105 G. n.a. n.a. 

(Prabhasankar et al., 2016) Asia India Karnataka 1 3 0.392 0.176 2.23 1.5 11 G. 11/12 Dom.+Hosp. 
(Prabhasankar et al., 2016) Asia India Karnataka 1 3 0.402 0.094 4.27 2.0 11 G. 11/12 Dom.+Hosp. 

(Prabhasankar et al., 2016) Asia India Karnataka 1 3 0.023 0.01 2.33 2.0 9 G. 11/12 Dom. 

(Thomaidis et al., 2016) Eur. Greece Athens 1 8 0.229 0.243 0.94 n.a. 3700 F. 12 Mun. 
(Thomaidis et al., 2016) Eur. Greece Athens 1 11 0.142 0.106 1.33 n.a. 3700 F. 13 Mun. 

(Thomaidis et al., 2016) Eur. Greece Athens 1 8 0.156 0.106 1.47 n.a. 3700 F. 14 Mun. 

(Tran et al., 2016) Asia Singapore Ulu Pandan 1 4 1.141 0.224 5.09 n.a. 361 G. 15 Mun. 
(Vatovec et al., 2016) N.Am. USA Burlington 1 10 0.275 0.293 0.94 17 30 T. 14 Dom.+Univ. 

(Afonso-Olivares et al., 2017b) Eur. Spain Gran Canaria* 1 12 0.748† 0.201† 3.72 18 n.a. G. n.a. Mun. 



(Afonso-Olivares et al., 2017b) Eur. Spain Gran Canaria* 1 12 0.019† 0.072† 0.26 n.a. 0.5 G. n.a. Dom. 

(Afonso-Olivares et al., 2017a) Eur. Spain Gran Canaria* 1 3 0.783 0.319 2.45 18 n.a. G. n.a. Mun. 

(Dinh et al., 2017) Eur. France Fontenay-les-Briis 1 14 1.63 0.69 2.36 0.2 1.7 G. 09-11 Dom.+Hosp. 
(Dinh et al., 2017) Eur. France Fontenay-les-Briis 1 14 0.093 0.037 2.51 0.4 1.7 G. 09-11 Dom. 

(Johnson et al., 2017) Eur. UK Southern England* 1 10 0.230 0.733 0.31 163 38 T. 12-15 n.a. 

(Johnson et al., 2017) Eur. UK Southern England* 1 10 0.138 0.576 0.240 32 8 T. 12-15 n.a. 
(Johnson et al., 2017) Eur. UK Southern England* 1 10 0.163 0.588 0.28 11 2.4 T. 12-15 n.a. 

(Johnson et al., 2017) Eur. UK Southern England* 1 10 0.032 0.327 0.10 5.9 1.4 T. 12-15 n.a. 

(Liu et al., 2017) Asia China China* 12 24 0.039 0.008 4.94 2800 6000 G. 15 Mun. 
(Mathenge et al., 2017) Afr. Kenya Nairobi 4 12 0.079 0.026 3.08 n.a. n.a. G. n.a. Dis. 

(Muter et al., 2017) Eur. Latvia Riga 1 n.a. 0.173 0.29 0.60 4800 825 n.a. 16 Mun. 

(Neyestani et al., 2017) N.Am. USA Las Vegas 1 4 1.093 0.498 2.20 n.a. n.a. G. 16 Mun. 
(Petrie et al., 2017) Eur. UK South-West England* 1 17 0.192† 1.229† 0.16 43 106 G. 14 n.a. 

(Pugajeva et al., 2017) Eur. Latvia Riga 1 21 0.085 0.029 2.93 4800 825 n.a. 16 Mun. 

(Reinholds et al., 2017) Eur. Latvia Riga 1 n.a. 0.008 0.005 1.53 4800 825 T. 16 Mun. 
(Subedi et al., 2017) Asia India Udupi 1 7 0.22 0.18 1.22 14 150 n.a. 13 Mun. 

(Subedi et al., 2017) Asia India Mangalore 1 7 0.1 0.029 3.45 82 450 n.a. 13 Mun. 

(Thiebault et al., 2017b) Eur. France Orleans 1 84 2.30 0.819 2.81 4.5 78 F. 16 Mun. 
(Yang et al., 2017) Asia China Guangzhou 1 3 0.225 0.135 1.66 165 428 T. 15 Mun. 

(Yang et al., 2017) Asia China Guangzhou 1 3 0.078 0.009 8.97 220 570 T. 15 Mun. 

(Yang et al., 2017) Asia China Guangzhou 1 3 0.217 0.028 7.75 200 540 T. 15 Mun. 
(Yang et al., 2017) Asia China Dongguan 1 3 0.032 0.002 16.05 47 130 T. 15 Mun. 

(Yang et al., 2017) Asia China Dongguan 1 3 0.128 0.002 64.0 110 300 T. 15 Mun. 

(Yang et al., 2017) Asia China Guangzhou 1 3 0.227 0.002 113.5 220 390 T. 15 Mun. 
(Yang et al., 2017) Asia China Huizhou 1 3 0.072 0.037 1.92 88 380 T. 15 Mun. 

(Yang et al., 2017) Asia China Huizhou 1 3 0.243 0.042 5.84 76 425 T. 15 Mun. 

(Yang et al., 2017) Asia China Guangzhou 1 3 0.416 0.021 19.90 100 130 T. 15 Mun. 
(Ben et al., 2018) Asia China China* 14 14 0.341† 0.046† 7.45 5123 n.a. F. 15 Mun. 

(Botero-Coy et al., 2018) S.Am. Colombia Bogota 1 7 0.630 0.323 1.95 350 2500 T. 16 Dom. 

(Botero-Coy et al., 2018) S.Am. Colombia Medellin 1 7 0.299 0.075 3.98 150 n.a. T. 16 Mun. 
(Harrabi et al., 2018) Afr. Tunisia Sfax 1 3 0.116 0.073 1.59 49 257 T. 16 Dom.+Ind. 

(Le et al., 2018) Asia Singapore Ulu Pandan 1 4 1.05 0.21 5 n.a. 361 G. n.a. Mun. 

(Rivera-Jaimes et al., 2018) N.Am. Mexico Cuernavaca 1 8 1.312 0.413 3.18 n.a. n.a. T. 15-16 Dom. 
(Kibuye et al., 2019) N.Am. USA Penn State 1 30 25.03 9.8 2.55 4 n.a. T. 16/17 Mun.+Univ. 

(Kumar et al., 2019) Oce. New Zealand n.a. 1 32 0.713 0.59 1.21 25 <100 T. 16/17 Dom.+Ind. 

(Sörengård et al., 2019) Eur. Sweden Uppsala 1 1 0.14 0.096 1.47 42 180 F. 18 Mun. 
(Vergili et al., 2019) Asia Turkey Istanbul 1 1 0.24 0.14 1.71 0.8 1.2 G. n.a. Dom. 

(Vergili et al., 2019) Eur. Germany n.a. 1 1 2.6 0.29 8.97 10 30 G. n.a. Mun. 

(Zhang et al., 2019) Asia China Beijing 1 1 3.590 0.123 29.28 115 2400 T. 16/17 Dom.+Ind. 
(Zhang et al., 2019) Asia China Beijing 1 1 0.626 0.199 3.15 590 1900 T. 16/17 Dom.+Ind. 

(Zhang et al., 2019) Asia China Beijing 1 1 0.967 0.438 2.21 575 2100 T. 16/17 Dom. 
(Zhang et al., 2019) Asia China Beijing 1 1 0.254 0.256 0.99 204 500 T. 16/17 Dom.+Ind. 

(Zhang et al., 2019) Asia China Beijing 1 1 0.221 0.154 1.44 85 400 T. 16/17 Dom. 

(Zhang et al., 2019) Asia China Beijing 1 1 0.531 0.259 2.05 90 200 T. 16/17 Dom. 
(Zhang et al., 2019) Asia China Beijing 1 1 0.269 0.096 2.80 74 150 T. 16/17 Dom.+Ind. 

 



Table 2: Main characteristics of the reviewed Hospital effluents, with Cont. the continent (N.Am. for North-America, S.Am. for South-America, Eur. for Europe 

and Oce. for Oceania), Town, the Hospital city and the state/region if the city was not available (*), nins the number of Hospitals investigated in each study, nsamp, 

the number of samples analyzed in each study, CSMX, the mean concentration of SMX (for nsamp=1, C corresponds to the unique given data, and † for median 

concentration), CTMP, the mean concentration of TMP (for nsamp=1, C corresponds to the unique given data, and † for median concentration), Ratio, the ratio 

between the concentration of SMX and TMP, Flow, the daily flow of Hospital effluents, nbeds, the number of beds in the targeted hospitals, Samp., the sampling 

mode with F. for flow-enslaved composite, T. for time composites and G. for grab samples, Year, the year of sampling of Hospital effluents and WW Origin, 

the type of hospitals, with Gen. for general, Paed. for paediatric, Sen. for geriatric and Nurs. for nursing care services. n.a. corresponds to non-available data. 
Reference Cont. Country Town/State nins nsamp CSMX 

µg.L-1 

CTMP 

µg.L-1 

Ratio 

SMX/TMP 
Flow 

m3.d-1 

nbeds Samp. Year WW Origin 

(Brown et al., 2006) N.Am. USA Albuquerque 1 1 0.8 5 0.16 n.a. n.a. T. 03 Gen. 

(Brown et al., 2006) N.Am. USA Albuquerque 1 1 2.1 2.9 0.72 n.a. n.a. T. 03 Gen. 
(Karthikeyan and Meyer, 2006) N.Am. USA Wisconsin* 1 1 0.25 0.35 0.71 100 102 G. 02 Gen. 

(Thomas et al., 2007) Eur. Norway Oslo 1 7 0.404 4.302 0.09 n.a. 1200 T. 06 Gen. 

(Thomas et al., 2007) Eur. Norway Oslo 1 7 1.389 3.896 0.36 n.a. n.a. T. 06 Gen. 
(Lin et al., 2008) Asia China(Taiwan) n.a. 6 6 0.647† 1.04† 0.62 n.a. n.a. G. 08 n.a. 

(Watkinson et al., 2009) Oce. Australia Queensland* 1 3 0.1† 0.3† 0.33 n.a. n.a. T. 05/06 n.a. 

(Chang et al., 2010) Asia China Chongqing 1 1 0.613 0.174 3.52 n.a. n.a. G. 04 Gen. 
(Chang et al., 2010) Asia China Chongqing 1 1 0.195 0.092 2.12 n.a. n.a. G. 04 Gen. 

(Chang et al., 2010) Asia China Chongqing 1 1 1.06 0.061 17.38 n.a. n.a. G. 04 Gen. 

(Sim et al., 2010) Asia South Korea Busan 1 1 0.688 0.425 1.62 100 1129 T. 08 Gen. 
(Brenner et al., 2011) S.Am. Brazil Santa Maria 1 7 27.78 6.65 4.18 n.a. n.a. T. n.a. Gen. 

(Sim et al., 2011) Asia South Korea n.a. 4 12 25.3 1.62 15.62 1050 5417 G. 08 n.a. 

(Kovalova et al., 2012) Eur. Switzerland Baden 1 17 3.476 0.93 3.74 230 346 F. 09/10 Gen. 
(Nagarnaik et al., 2012) N.Am. USA Texas* 1 4 3.09 2.23 1.39 500 375 T. 08 Gen. 

(Nagarnaik et al., 2012) N.Am. USA Texas* 1 4 178 60.9 2.92 100 300 T. 08 Nur. 
(Nagarnaik et al., 2012) N.Am. USA Texas* 1 4 0.559 0.557 1.00 50 225 T. 08 Sen. 

(Nagarnaik et al., 2012) N.Am. USA Texas* 1 4 0.238 0.351 0.68 70 225 T. 08 Sen. 

(Verlicchi et al., 2012) Eur. Italy Northern Italy* 1 4 4.2 1.2 3.5 160 300 T. 09/10 Gen. 
(Verlicchi et al., 2012) Eur. Italy Northern Italy* 1 8 1.9 0.415 4.58 603 900 T. 09/10 Gen. 

(Gros et al., 2013) Eur. Spain Girona 1 2 0.133 0.133 1.00 n.a. 400 G. 11 Gen. 

(Khan et al., 2013) Asia Pakistan Lahore 1 3 4.6 2.2 2.09 n.a. n.a. G. 12 Gen. 
(Santos et al., 2013) Eur. Portugal Coimbra 1 9 3.015 1.849 1.63 883 1456 T. 11 Gen. 

(Santos et al., 2013) Eur. Portugal Coimbra 1 9 1.897 0.528 3.59 428 350 T. 11 Gen. 

(Santos et al., 2013) Eur. Portugal Coimbra 1 9 0.401 0.337 1.19 181 110 T. 11 Paed. 
(Santos et al., 2013) Eur. Portugal Coimbra 1 9 0.090 0.014 6.64 33 96 T. 11 Paed. 

(Sim et al., 2013) Asia South Korea Ulsan/Busan 3 3 21 8.14 2.58 173 n.a. T. 10 Gen. 

(Kosma et al., 2014) Eur. Greece Ioannina 1 32 1.465 0.622 2.36 550 800 T. 10/11 Gen. 
(Lindberg et al., 2014) Eur. Sweden Umeå 1 7 2.751 1.802 1.53 720 600 F. 13 Gen. 

(Li et al., 2015) Asia China Linan 1 3 0.137 0.013 10.71 n.a. 200 T. 13 Paed. 

(Li et al., 2015) Asia China Linan 1 3 0.224 0.005 44.74 n.a. 600 T. 13 Gen. 
(Li et al., 2015) Asia China Linan 1 3 0.023 0.22 0.11 n.a. 30 T. 13 Paed. 

(Li et al., 2015) Asia China Linan 1 3 0.115 0.074 1.55 n.a. 30 T. 13 Gen. 

(Li et al., 2015) Asia China Linan 1 3 0.24 0.118 2.03 n.a. 600 T. 13 Gen. 
(Li et al., 2015) Asia China Linan 1 3 1.504 0.409 3.68 n.a. 250 T. 13 Gen. 

(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 7 0.97 0.97 1 250 250 T. 13 Gen. 

(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 7 2.17 1.32 1.64 250 250 T. 13 Gen. 



(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 8 2.15 0.97 2.22 435 350 T. 13 Gen. 

(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 8 0.49 0.38 1.29 435 450 T. 13 Gen. 

(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 4 0.49 1.06 0.46 370 300 T. 13 Gen. 
(Oliveira et al., 2015) N.Am. USA Suffolk County* 1 8 1.52 0.93 1.63 568 600 T. 13 Gen. 

(Rodriguez-Mozaz et al., 2015) Eur. Spain Girona 1 3 0.752 0.594 1.26 1250 400 G. 11/12 Gen. 

(Lien et al., 2016) Asia Vietnam Hanoi 1 12 9.7 2.7 3.59 n.a. 520 T. 13 Gen. 
(Lien et al., 2016) Asia Vietnam Hanoi 1 12 9.8 7.7 1.27 n.a. 220 T. 13 Gen. 

(Prabhasankar et al., 2016) Asia India Karnataka* 1 3 0.060 0.031 1.95 50 200 G. 11/12 Gen. 

(Prasertkulsak et al., 2016) Asia Thailand Bangkok 1 8 22.76 25.75 0.88 n.a. n.a. n.a. n.a. Gen. 
(Dinh et al., 2017) Eur. France Fontenay-les-Briis 1 14 2.1 0.9 2.33 170 360 G. 09-11 Gen. 

(Yilmaz et al., 2017) Asia Turkey Istanbul 1 1 8.5 0.55 15.45 1500 1358 G. 14 Gen. 

(Yilmaz et al., 2017) Asia Turkey Istanbul 1 1 2.2 0.18 12.22 1166 1285 G. 14 Gen. 
(Botero-Coy et al., 2018) S.Am. Colombia Tumaco 1 3 0.572 0.9 0.64 200 122 T. 16 Gen. 

(Thai et al., 2018) Asia Vietnam Hanoi 1 12 2.246 0.645 3.48 n.a. 420 G. 16/17 Gen. 

(Serna-Galvis et al., 2019) S.Am. Colombia Tumaco 1 5 0.001 0.03 0.03 200 122 n.a. n.a. Gen. 
(Sörengård et al., 2019) Eur. Sweden Uppsala 1 1 1.5 0.74 2.03 0.96 n.a. T. 18 Gen. 

 



Table 3: Main characteristics of the reviewed Livestock farming effluents, with Cont. the continent, Town, the Livestock location, nins the number of livestock 

farms investigated in each study, nsamp, the number of samples analyzed in each study, CSMX, the mean concentration of SMX in µg.L-1 (for nsamp=1, C corresponds 

to the unique given data, and † for median concentration), CTMP, the mean concentration of TMP in µg.L-1 (for nsamp=1, C corresponds to the unique given data, 

and † for median concentration), Ratio, the ratio between the concentration of SMX and TMP, Flow, the daily flow of livestock farming effluents, Samp., the 

sampling mode with T. for time composites and G. for grab samples, Year, the year of sampling of livestock farming effluents and WW Origin, the type of 

livestock installations, with Sla. for slaughterhouse. n.a. corresponds to non-available data. 
Reference Cont. Country Town/State nins nsamp CSMX 

µg.L-1 

CTMP 

µg.L-1 

Ratio 
SMX/TMP 

Flow  

103 m3.d-1 

Samp. Year WW Origin 

(Chang et al., 2010) Asia China Chongqing 1 1 0.216 0.028 7.71 n.a. G. 04 Sla. 
(Watanabe et al., 2010) N.Am. USA California* 2 10 1.379 0.288 4.79 n.a. G. 06-08 Cow 

(Hoa et al., 2011) Asia Vietnam Hanoi 3 6 0.307 0.019 15.84 n.a. G. 07 Fish/Pig 
(Murata et al., 2011) Asia Japan Tokyo 1 ? 50.13 0.378 132.6 n.a. T. 06 Pig 

(Shimizu et al., 2013) Asia Vietnam Hanoi 5 13 0.158 0.015 10.31 n.a. G. 07/08 Pig 

(Shimizu et al., 2013) Asia Vietnam Hochimin 2 2 0.114 0.057 1.99 n.a. G. 06 Pig 
(Shimizu et al., 2013) Asia Vietnam CanTho 9 9 0.442 0.022 20.30 n.a. G. 09/10 Pig 

(Choi et al., 2016) Asia South Korea Nonsan 1 5 5,505 225 24.47 n.a. G. 12 Pig 

 



Table 4: Physico-chemical properties of the targeted antibiotics, with Mw the molecular weight in g.mol-

1, pKa, the acid dissociation constant, Log Kow, the octanol/water partition coefficient, Solw, the solubility 
in water at 25°C, Exc. R., the excretion rate in unchanged form in % following human consumption († 
for pig) ± the standard deviation, Theoretical ratio, the theoretical ratio (SMX/TMP) based on the 
median excretion rate and considering only consumption of SMX and TMP in association 

Abbreviation TMP SMX 
Structure 

 
 

Formula C14H18N4O3 C10H11N3O3S 
CAS-Number 738-70-5 723-46-6 
Mw 290.32 253.28 
pKa 7.2 6.16-1.97 
Log Kow

p 0.73 0.48 
Solw

p 400 459 
Exc. R. 
(†in pig)  

48a;46b;50d;43e;45f;60h;80i;50j; 
50k;69m;64n;†32o 

15a;30b;10c;18d;23e;20f;20g;15h; 
30i;20j;10k;20l;10m;11.5n;†16o 

Median Exc. R. 50 ± 11 20 ± 6 
Theoretical ratio SMX/TMP: Min. = 1.1; Mea. = 2.0; Max = 3.3 

Data from: a(Schwartz and Rieder, 1970), b(Dollery, 1991), c(Vree and Hekster, 1987), d(Huschek et al., 
2004), e(Carballa et al., 2008), f(ter Laak et al., 2010), g(Lienert et al., 2007), h(Hirsch et al., 1999), 
i(Kasprzyk-Hordern et al., 2009), j(Lindberg et al., 2006), k(Göbel et al., 2005), l(Radke et al., 2009), 
m(Flores‐Murrieta et al., 1990), n(Örtengren et al., 1979), o(Nouws et al., 1991) and p(drugbank.ca) 
 



Table 5: Sludge/water partition coefficient (Kd) of SMX and TMP reported in the literature 
Kd (SMX) Kd (TMP) Sludge Type Reference 

45 165 MBR (Abegglen et al., 2009) 

3 427 Primary Sludge (Radjenović et al., 2009) 

256 208 Secondary Sludge (Göbel et al., 2005) 

<30 251 Primary Sludge (Stevens-Garmon et al., 2011) 

11 10 Primary Sludge (Batches) (Hyland et al., 2012) 

48 76 Nitrifying Act. Sludge (Fernandez-Fontaina et al., 2014) 

10 14 Primary Sludge (Blair et al., 2015) 

9 25 MBR (Fernandez-Fontaina et al., 2013) 

320 390 Primary Sludge (Batches) (Hörsing et al., 2011) 

 

 



Table 6: Available annual use data of SMX and TMP (recorded separately) in kg.y-1 for human (Hum.), 

hospitals (Hosp.) and Veterinary (Vet.) purposes; atypical ratios (i.e. outside the theoretical ones) are 

bolded 
Year  Country/zone Use SMX TMP Ratio Reference 

1992-2003 Australia Hum. 89,000 26,000 3.42 (Watkinson et al., 2009) 
1992-2003 Australia Vet. 0 21,000 0 (Watkinson et al., 2009) 

1995 Germany Hum. 49,920 9,984 5.00 (Hirsch et al., 1999) 

1995-1999 Kenya Vet. 365 577 0.63 (Mitema et al., 2001) 
1998 Germany Hosp. 3763 758 4.96 (Kümmerer and Henninger, 2003) 

1998 Germany Hum. 44,352 9,152 4.85 (Kümmerer and Henninger, 2003) 

2003 Spain Hum. 12,700 3,700 3.43 (Carballa et al., 2008) 
2004 France Hum. 16,730 3,346 5.00 (Besse et al., 2008) 

2004 USA Hum. 109,000 22,000 4.95 (Palmer et al., 2008) 

2005 Norway Hum. 218 534 0.41 (Thomas et al., 2007) 
2005 South-Korea Hum. 15,334 4,350 3.53 (KEI, 2007) 

2005 South-Korea Vet. 14,791 7,572 1.95 (KEI, 2007) 

2006 UK (Wales) Hum. 115 722 0.16 (Kasprzyk-Hordern et al., 2009) 
2007 Switzerland Hum. 2,079 700 2.97 (BAFU, 2009) 

2007 Norway Hum. n.a. n.a. 0.32 (Grung et al., 2008) 

2008 Kenya (Nairobi Region, Hosp) Hum. 6,528 1,306 4.99 (K’oreje et al., 2012) 
2009 Switzerland Hum. 2,427 486 4.99 (BAFU, 2011) 

2009 Saudi Arabia (local data) Hum. 1,663 333 4.99 (Shraim et al., 2017) 

2009 Sweden Hum. 45 279 0.16 (Wahlberg et al., 2011) 
2010 Greece Hum. 2,111 3,224 0.65 (Iatrou et al., 2014) 

2010 Spain Hum. 10,297 69 149.9 (Ortiz de García et al., 2013) 
2013 China Hum. 2,000 500,000 0.004 (Zhang et al., 2015) 

2013 China Vet. 310,900 246,300 1.26 (Zhang et al., 2015) 

2013 Vietnam (local data) Hosp. 1.000 0.200 5.00 (Lien et al., 2016) 
2014 UK Hum. 2,255 11,599 0.19 (Johnson et al., 2017) 

2014 France (local data) Hosp. 4.05 0.81 4.99 (Dinh et al., 2017) 

2018 Belgium Vet. 96 11,136 0.01 (Belvet-SAC, 2018) 
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Figure 2: Violin plots of the /TMP ratios as a function of the targeted matrix, with WI for
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Figure 3: Violin plots of the /TMP ratios in WI and HE as a function of the continent with n the

amount of individual data. The line within the box (white boxes) marks the median, boundaries indicate

the 25th and 75th percentiles, error bars indicate maximum and minimum values in ± 1.5 σ variations

and white circles indicate values outside this range, gray lines mark statistically significant variations

with p-values < 0.05, 0.01 and 0.001 for *, ** and *** respectively and the orange area marks the

theoretical ratio value.
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Boxplots are represented only if n > 3.
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