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Abstract
Sampling and analysis of Water Framework Directive priority chemicals was undertaken in 9 urban catchments across the UK. Over 9,000 samples were collected from a number of different catchment sources including tap water, domestic waste water, surface water runoff, trade discharges, town centre and light industrial estate wastewaters. Determinands included trace metals, polyaromatic hydrocarbons (PAHs), persistent organic pollutants and a number of common pharmaceuticals. Loads of the chemicals from each catchment entering the local wastewater treatment works were estimated and were shown to be relatively consistent between different catchments, after taking population into account. A Monte Carlo mixing model was used to combine the concentrations and flows from the different catchment sources and to predict concentrations and loads entering the wastewater treatment works. Based on the model output, the significance of the different sources could be evaluated. The study highlighted the importance of domestic wastewater as a source of contaminants, including metals and trace organic substances (such as ethylenediaminetetraacetic acid (EDTA), bisphenol A, nonylphenol and tributyl tin (TBT)). Concentrations in trade discharges were important in some locations in the case of nonylphenol, EDTA, TBT, as well as for some metals such as copper, zinc and nickel. Contributions to the total load from town centre and light industrial estate sources were generally less than 10% of the total.  
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Introduction
European Union Directives including the Water Framework Directive (WFD) [1] and the Priority Substances Daughter Directive [2, 3] have defined Environmental Quality Standards (EQSs) for substances that hitherto have not been subject to detailed scrutiny and control. Wastewater treatment works (WwTW) have been identified as potentially important sources of these chemicals. There is therefore increasing pressure on WwTW operators to identify sources of priority chemicals and to seek measures to reduce effluent concentrations, either by installing additional treatment or by ensuring reductions in the use of substances of concern in processes and products via source control measures. As a result, the Chemical Investigations Programme (CIP) has been established by UK regulators to ‘assess the contribution of WwTWs to the contamination of surface water’ [4]. As part of the overall programme the CIP included investigations of the sources of trace substances discharged to sewer at an urban catchment level.  
The challenge for both the regulated and the regulators is to be able to quantify the significance of the sources of priority chemicals. Chemicals enter WwTW via a variety of urban sources including domestic wastewater (via use and disposal of products, ingestion and excretion of food and pharmaceuticals, leaching from the plumbing system) runoff from roof and roads (for combined sewers), discharge from traders, town centres and light industrial estates. Previous studies on these sources are reviewed briefly below. 
Domestic sources of metals [5] and organics [6, 7] have been reported as contributing significant loads to WwTW.  This is on the basis that domestic water use is large (typically 150 l/person/day; [8]) relative to flows entering WwTW (equivalent to typically 250 litres/person/day).  Additionally, elevated concentrations of copper arise from leaching from plumbing materials and heating elements, which can include copper, lead, zinc and nickel [9] as well as metals and organic substances from personal care products diet supplements and pharmaceuticals [10, 11]. 
Industrial discharges to sewer are well-established sources of contaminants which have been the subject of increasing regulation over the years with EU legislation such as the Dangerous Substances Act (1976) meaning they are subject to permits to discharge treated or untreated effluent to sewer [12]. However, with new EQSs being generally revised downwards and the scope of chemicals being assigned an EQS increasing, it is often the case that trade discharges contain significantly elevated levels of priority chemicals. Well-attested industrial sources of priority chemicals include the chemical industry, electroplating, ceramics, fabric dyeing, engineering, laundries, breweries and food processing. 
Light industrial estates are found on the periphery of most modern towns and cities and comprise a wide variety of activities that are not always consented for trace substances, but may discharge significant quantities of chemicals to sewer or surface waters. Activities include small-scale electroplating, vehicle washing, food processing, micro-breweries and product formulation. Although wastewater flows from such units may be low, concentrations of priority chemicals can be high [6, 7].  
Activities in town centres which can lead to the discharge of chemicals to sewer include hospitals and surgeries, dentists, restaurants, bars, dry cleaners, offices (plumbing sources) launderettes, schools, universities and colleges. Similar to light industrial sources, overall flows from town centres are less than from domestic sources, but concentrations of priority chemicals may be elevated. Previous studies have highlighted substances such as copper, zinc, mercury, bis(2-ethylhexyl) phthalate (DEHP), chlorinated solvents and nonylphenol [6, 7].  
There have been a large number of studies involving monitoring concentrations of chemicals in road and roof runoff within urban environments, particularly metals and polyaromatic hydrocarbons (PAHs) [13-18]. Metals are ubiquitous in urban runoff based on inputs which include copper from car brake linings [19] and roofing, zinc from car tyres [20], platinum group elements from catalysts [21] and PAHs from exhaust emissions [22].         

Previous studies have tended to focus on specific pollution sources and often on specific chemicals, leading in many cases to lack of general applicability. The CIP source apportionment work was designed with the aim of providing a wide-ranging national view of the sources of priority chemicals entering WwTWs with the objective of quantifying their significance and assisting in the identification of options for source control. This paper reports the results of this study. 

Methods
Urban sewer catchments in nine towns (Figure 1) were subject to investigations to measure concentrations of priority chemicals from the sources identified above entering the WwTW. Sample collection was arranged by the relevant regional Water Companies, working to a common protocol to ensure an appropriate and consistent approach.  
Towns were chosen in different parts of the UK – providing regional coverage (Figure 1) that might be used to indicate geographical differences. Two of these (3 and 5) are larger than the rest and were chosen to make it possible to investigate a wider range of trader inputs. The towns were selected to be of moderate size, smaller towns being considered of marginal interest, larger ones being too complex to sample and too individual to be generally representative. Five categories of source were chosen: domestic wastewater, consented trade effluents, light industry (industrial estates or non-consented traders), town centre inputs (seen as a possible mixture of domestic and more generally urban inputs) and runoff. 

FIGURE 1 HERE

Sampling and Analysis
Sampling was carried out in each urban catchment over a 12-month period with between 12 and 48 replicate samples being taken at each location to assess variability in concentration. Although it was initially intended to gather flow data associated with the sampling programme, the practicalities of siting flow meters combined with their frequent fouling meant that flow had to be estimated based on a combination of measured and literature data.  Between 400 and 1000 samples (depending on catchment size and complexity) were collected from each town. Concentrations of the substances listed in Table 1 with limit of detection requirements were determined for each sample. A summary of the numbers and designation of samples taken for each catchment is presented in Table 2. 
Sampling was by “spot” samples taken at different times during the working day. It was specified that at least 15%t of samples should be taken out of normal working hours i.e. in the evening or at weekends. Although, time or flow-weighted composite samples were considered, these approaches were not adopted because of concerns about sample instability. Indeed, since compliance is usually assessed by means of spot sampling, knowledge about the variance of such samples was seen as of value in itself. Samples for the determination of metals were filtered (0.45 µm) on site. A test of sample stability in both sewage works final effluent and in settled crude sewage was undertaken to validate a sample storage period of five days under refrigeration, before the end of which it was specified that analysis must have begun [23]. 

The programme covered more than 70 target contaminants, - 10 metals (total and dissolved), 22 EU Priority or Priority Hazardous Substances (e.g. PAHs, brominated diphenyl ethers - BDEs, TBT,  steroid oestrogens), 16 contaminants of emerging concern (pharmaceuticals, biocides and consumer chemicals that are likely to be regulated in the near future), 16 supporting determinands, including those that are measures of sewage quality, treatment performance and those relating to prediction of metal speciation. In setting up the programme a set of required characteristics for analytical performance (limits of detection, precision and bias) was defined, on the basis of achieving adequate precision at or near to the EQS of interest. The target substances and required limits of detection are listed in Table 1, which also identifies all determinands and their abbreviations. These required limits of detection were set (for determinations made in sewage effluent) to be at least as low as the EQS or other potential limit value of likely interest such as predicted no effect value (PNEC).  In many cases, notably for PAHs and BDEs, this proved challenging, but achievable. A notional limit for analytical error was agreed for organic contaminants of plus or minus 50% (25% random error, 25% systematic error) and 20% for metals (10% random, 10% systematic) or the required limit of detection, whichever is larger.

Participating laboratories, contracted by the water companies that were responsible for delivery of the investigations, were required to submit performance test information to substantiate their claim to meet the analytical performance targets. A programme of interlaboratory proficiency tests was also set up with a commercial provider of such services. The tests relied on a combination of routine proficiency tests, provided as part of the ongoing proficiency testing programme, involving laboratories all over the world and bespoke exercises to ensure all the substances of primary interest were covered.

Results reported as less than the limit of detection were substituted with a value ½ the reporting limit [24]. The coherence of the dataset and absence of substantial inter-laboratory and inter-regional effects adds weight to the evidence that bias in procedures of sampling and analysis does not significantly affect the primary interpretation of the data with respect to prioritisation of substances.
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Estimating Loads
It was necessary to convert concentration data to loads in order to provide a quantitative source apportionment. Reported concentration data (over 400,000 results) were therefore summarised by site (e.g. domestic property, trader discharge, town centre sampling point) for each substance. The following procedure was applied to estimate the different loads to each of the nine WwTW:
1) Estimates of mean concentration and variance were calculated for every chemical
2) The statistical distribution for each dataset was assumed to be LogNormal
3) The relative contribution of flows based on literature data for domestic contribution (150 l/person/d, [8]), previous estimates for runoff based on impermeable area, annual rainfall profiles and the split between runoff going directly to surface water and that going to combined sewers [25]. Trader flows were based on flow data reported from the CIP investigations, literature data were used for town centre and commercial activities [26, 27]. Using the available data, flows were apportioned in the following way:		
a. Domestic sewage, 56% 
b. Runoff, 26%
c. Consented traders, 10% 
d. Town centre, 4%
e. Light industry, 4% 
4) A Monte Carlo mixing model was used to combine the concentrations and flows in order to generate estimated loads for each chemical entering each WwTW. 
5) Owing to the variation in flows (size) of the different towns, data were normalised to an average consented flow of 30,000 m3/d entering each WwTW. 
6) The uncertainty on these loads is typically ± 10 to 15%, though this was possibly larger where inputs were unusually variable.
7) The predicted combined concentrations entering the WwTW were compared with measured influent concentrations obtained from another part of the monitoring programme in order to offer a form of validation of the model parameters.

Results and Discussion 
Mean contaminant concentrations are provided in Table 3. Unsurprisingly, concentrations of metals and other industrial chemicals, such as EDTA and DEHP, tended to be highest from trade sources, reflecting sampling from metal and manufacturing-related trade sources. 
Even substances such as TBT and nonylphenol, which are under extensive control via restrictions on their use above a specified level in products, were still present at important concentrations in trade wastewater and were measurable in other sources. As might be expected, pharmaceuticals were mostly highest in domestic wastewater, particularly antibiotics such as oxytetracycline, ofloxacin and erythromycin and the beta-blocker propanolol. The steroid estrogens, both naturally occurring (E1, E2) and prescribed (EE2 in the contraceptive pill and E2 for hormone replacement therapy) are also found at similar concentrations in domestic, town centre and light industry wastewaters, reflecting excretion both at home and at work. The presence of pharmaceuticals in the runoff data suggests contamination of surface water runoff with foul wastewater and is discussed further later. 
The presence of PAHs in fossil fuel combustion products, coal tar residues, creosote (now banned) and within some products suggests that they are both anthropogenic and naturally-derived chemicals, but potentially predominate in trade effluents owing to use of oils, fuels and chemicals containing these PAHs. 

TABLE 3 HERE

Metals are ubiquitous in the environment and in the products used throughout society. Trade wastewater concentrations are typically an order of magnitude higher, with domestic, town centre, runoff and light industry concentrations of a similar order. Elevated metal concentrations in runoff are not unexpected owing to their use in galvanised parts, tyres, brake shoes and their presence in exhaust gases and road aggregates. Comparing total and dissolved concentrations (Table 4) shows nickel to be the metal for which the highest proportion is dissolved, followed by cadmium, copper and zinc, with iron predominantly present in the particulate phase. In most cases the proportion of metal in the dissolved phase is highest in domestic wastewater, potentially reflecting leaching from plumbing and household domestic goods such as kettle elements, washing machines and dishwashers.   

TABLE 4 HERE

Putting concentrations into perspective
These data also identify issues relating to current and future pollution control strategies for priority hazardous substances. Chemicals such as TBT, nonylphenol and BDEs were classified as priority hazardous substances some time ago and have already been subject to restrictions.  Such restrictions on use are sometimes referred to as “effective bans”, yet these data show that some priority hazardous substances are still detectable at WwTW, as they are derived predominantly from domestic sources. Restrictions on priority hazardous substances usually relate to the imposition of a limiting concentration in products.  The results of the current study and other recent environmental monitoring data suggest that such restrictions are not stringent enough. Directives often set a limit of 0.1% within products (equivalent to 1,000,000 µg/l), however, even at these levels (often applied for personal care products), there is a potential for EQS exceedance for substances such as nonylphenol, for example. In other cases, the presence of a priority hazardous substances may indicate that regulators might not have addressed all key product sectors (potentially the case for tributyltin) or that they might take a long time to became effective, owing to residual product use or the long environmental life of some substances in products (e.g. BDEs in furniture).     

Estimation of loads to WwTW
Concentrations alone, however, do not put the significance of the sources of priority chemicals into perspective. It is necessary to estimate loads using the methodology above in order to judge the contribution each source makes to crude sewage entering the WwTW. Contaminant loads for each of the nine catchments are summarised in Table 5a. These are not directly comparable because of the different sizes of the catchments and their respective flows. Table 5b takes this into account by presenting a normalised comparison, normalised to an average flow to the 9 WwTW of 30,000 m3/d. The uncertainty on these loads is typically ± 10-15%, though this is possibly larger where inputs are unusually variable.  

TABLE 5 HERE
An evaluation of the range of daily load values (normalised) estimated for the nine catchments provides an interesting insight into the nature of inter-catchment variability for different substances (Figure 2). The ranges, relative to the overall mean load for all catchments, are approximately as follows: 
· Metals and priority organic substances (TBT, nonylphenol, PAHs, BDEs, bisphenol-A and EDTA): range approximately plus or minus 80%
· Pharmaceuticals and steroids: range approximately plus or minus 60%
· Sanitary determinands, triclosan and DEHP: range approximately plus or minus 30%
This is a guide to the likely variation in each of these groups of substances and hence to the extent to which any individual catchment might differ from the “typical” value determined by this work. 

FIGURE 2 HERE

Validation of modelled load data 
It was possible to assess the outputs from the model by taking the predicted concentrations of the combined urban sources generated from combining the loads and dividing by the flow to the WwTW for one of the study sites (Site 3), and comparing them with measured WwTW influent concentrations reported elsewhere [28]. Table 6 and Figure 3 provide a comparison of measured and modelled data with confidence intervals and an assessment as to whether they are statistically significant or not.  For metals only data for total concentrations were compared, owing to the potential for the change in speciation within the sewer system.  

TABLE 6 HERE

FIGURE 3 HERE

Comparison between predicted concentrations entering the Site 3 WwTW, based on using the Monte Carlo mixing model, and the concentration measured at the same site show good agreement in most cases. Few modelled values were in error (i.e. different from the measured estimates that themselves are subject to uncertainty) by more than a factor of two. 
The data in Table 6 do suggest that the model might underestimate inputs to sewer of pharmaceuticals and steroids, substances predominantly derived from domestic sources. Given that the proportion of flow from these sources is well established, it is suggested that in the case of the pharmaceuticals the choice of domestic properties sampled (in either the influent or the catchment investigations) can introduce uncertainty into estimates of quantity discharged. In the case of the steroids, the phenomenon of deconjugation of complexed, inactive and undetected forms of steroids is likely to mean that concentrations of free substance might truly increase in concentration in the sewer system. Such effects have been noted in the sewage treatment process itself [28].
Overall the general good agreement between the predicted and measured concentrations entering a WwTW provided support for the assumptions used in apportioning the substance loads between the different catchment sources. 

Source apportionment
Data provided in Figures 4a to 4e give a comparison of different sources for each catchment and show domestic sources as the largest contributor, reflecting the fact that this source comprises the majority of the flow to the WwTW, whilst also containing significant concentrations of priority chemicals. Differences between catchments were generally found to be influenced markedly by one (or one or two) dischargers where there was an unusually large input from a particular (usually trade) source. However, the number of examples where this is clear is relatively small (e.g. Catchment 3 for nickel, Catchment 4 for nonylphenol and TBT, Catchment 5 for lead and zinc) and relates most often to the metals where specific sources are more evident.  
Looking at the data in more detail shows unsurprisingly that domestic wastewater dominates inputs of pharmaceuticals to WwTW [29], based on a combination of high concentrations and flow, while other sources only comprise typically 10% of loads at the WwTW. The data from this survey also support previous conclusions regarding the ubiquity of metals throughout urban environments, with loads apportioned between domestic sources driven largely by plumbing interaction [5], trade effluents from metal working industries and run off. The presence of electroplating works within an urban catchment (e.g. Site 6) can lead to significant loads entering the WwTW. Metals are ubiquitous in urban runoff based on inputs which include copper from car brake linings [19] and roofing, zinc from car tyres [20], platinum group elements from catalysts [21] and PAHs from exhaust emissions [22]. Even though lead has been banned as an additive in vehicle fuels, runoff is still a significant source owing to its use as a roofing material for sealing gaps between roofs and walls, in car wheel balancing weights (banned in EU from 2005) and old paints [30]. Loads of nickel to WwTW measured in this study are about an order of magnitude less than that of copper with domestic and trade sources predominating with lesser contributions from runoff. Nickel is generally associated with plated materials including electrical heating elements, cutlery, jewellery and from combustion of fossil fuels as well as in cigarette smoke [31].
PAHs exhibit a slightly different profile owing to the fact that they are largely derived from petroleum products either by combustion or spillage, other sources such as creosote wood preservatives having been banned [32]. Consequently runoff contributes around 30% of the load to WwTW in some cases for benzo-ghi-perylene and indeno-cd-pyrene for example. The loads entering WwTW will be largely controlled by the proportion of runoff entering combined sewers. For more modern towns or areas away from the town centre, separate sewer systems predominate, and so loads entering WwTW would be expected to be smaller. 
The sources of certain industrial chemicals such as EDTA and bisphenol A are dominated either by trade dischargers, who use them in formulations or for commercial cleaning.  Alternatively, these substances are derived from domestic sources, where they are used in many personal care and cleaning products. The relative lack of control of their use (i.e. they are not currently classified as priority or priority hazardous substances under the WFD [1] means they are widely used and, in the case of EDTA, arrive at WwTW in loads in excess of any metal.    

FIGURE 4 HERE

Loads of DEHP, a common plasticiser now classified as a priority hazardous substance under the WFD, are dominated by domestic sources, owing to its use in poly(vinyl chloride) (PVC) products including waste pipes, adhesives and sealants (ECB, 2008). The ubiquity of these types of products within urban catchments means loads were also measured from trade, town centre and light industrial sources. Being recently categorised as a priority hazardous substance means that DEHP discharges are scheduled for to be phased out within 20 years [33]. However, due to the lifespan of many products of which it is a constituent, it is likely that DEHP will be detected in sewage for some years to come.  

Conclusions
There are a number of key conclusions that can be drawn from this study regarding the source apportionment of priority chemicals entering WwTW. Specifically:  
· Concentrations for priority substances, as well as other metals and organic substances varied by several orders of magnitude in individual samples, depending on source and catchment. However, when estimated loads and the relative importance of different sources of substances are considered, the different catchments exhibit a marked degree of similarity (within a factor of 2).
· Overall and contrary to the a priori view, in terms of loads, domestic inputs rather than trade effluents predominate substantially over other sources for most trace substances studied here, though individual trade effluents can provide a substantial proportion of load in any given sewer catchment, especially in the case of metals. This has important implications for the ways in which sources can be controlled and moves the debate concerning future actions in the direction of end-of-pipe treatment or restriction of substance use, rather than towards targeting of specific trader types.   
· The model used to estimate influent loads and concentrations of priority chemicals provided WwTW influent estimates within a factor or two of measured means in most cases, providing support for the methodology to apportion loads between the main urban sources.  
· With respect to some metals it was demonstrated that although specific traders might be responsible for a large part of loads in individual catchments, but with respect to copper the load is largely derived from domestic water systems; 
· Some restrictions on the use of chemicals in products may not be sufficient to meet WFD objectives of EQS compliance given the very low EQS value that have been set for certain organic pollutants. 
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