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ABSTRACT

As a by-product of treatment processes, municipal wastewater treatment plants (WWTP) generate large quantities of sludge, with sludge treatment focused on sterilisation, volume reduction and biogas production. Whilst the EU Sewage Sludge Directive sets limits on the concentrations of selected metals in sludge applied to agricultural land, the potential impact of many EU Water Framework Directive priority and priority hazardous substances (PS/PHS) on human or environmental health has yet to be fully addressed. Research presented here shows that treated sludge from five urban WWTPs experiencing differing local conditions contain a range of PS/PHS including substances whose use has been banned or heavily restricted. Concentrations reported in this study do not exceed the limit values set for the four PS/PHS currently included in the EU Sewage Sludge Directive. However, more stringent national limits are exceeded. The basis for developing and applying Predicted No Effect Concentration (PNEC) values for the application of sludge to agricultural land is still unclear. However, comparison between PS/PHS sludge concentrations and available PNEC soil values clearly indicate the need for further research. Implications and research priorities arising from these findings in terms of achieving compliance with EU Sewage Sludge and Water Framework Directives are discussed. 
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INTRODUCTION

Municipal wastewater treatment plants (WWTPs) receive effluents from a wide range of sources, including industrial, commercial and residential establishments in addition to surface water drainage (i.e. stormwater) where combined sewer systems are present. Consequently, a wide range of organic and inorganic pollutants are contributed from a diversity of sources. These pollutants may be present in the wastewater stream either in the dissolved form or in association with particulate matter, including both colloids and suspended particles. Many WWTP processes (e.g. settling, flocculation and digestion) promote the removal of both particulate matter and dissolved pollutants from the water phase to ensure that the discharged effluents meet water quality standards. As a result, WWTPs typically produce large quantities of sludge. Depending on the sources of the effluents received by the plant, the sludge volumes generated may be rich in useful components such as major nutrients, micronutrients and organic matter. They may also contain a wide range of undesirable organic and inorganic substances including many of those identified as priority substances (PS) and priority hazardous substances (PHS) under the EU Water Framework Directive (EU WFD, 2000). 
Between 1995 and 2005, the volume of wastewater sludges produced in the EU increased from 6.5 to 8.5 million tonnes dry matter (dm) (Zambrzycki, 2009). A key driver behind this trend is the implementation of the EU Urban Wastewater Treatment Directive (EU, 1991) which requires wastewater from communities with over 2000 population equivalents to be collected and subjected to, at least, a secondary treatment standard. Many water companies have subsequently been identified as partners in the development and implementation of EU WFD Programmes of Measures (actions to achieve compliance with environmental quality standards by 2015). Therefore, it is probable that WWTP managers will continue to come under increasing pressure to achieve more stringent effluent qualities. Increased sludge production volumes and greater concentrations of pollutants accumulating within the sludge are a foreseeable side effect of this development. 
Only a relatively small volume of sludge is recycled within the WWTP (i.e. returned activated sludge used to maintain the treatment process), and the remaining WWTP sludges need to be disposed of. Current EU legislation encourages Member States to use sludge for beneficial purposes wherever possible. However, agricultural reuse and land application can only be practiced if the sludge meets specified quality criteria and many Member States continue to actively discourage agricultural reuse. At present sludge reuse quality criteria are heavily focused on metals. However, following the listing of a wide range of organic pollutants as PS and PHS (EU WFD, 2000), all sources of these substances are potential targets for further action. It is within this context that this paper sets out to review the levels of EU WFD PS and PHS in WWTP sludges collected in four European cities, making reference to the differing urban characteristics and treatment technologies relevant to each location. Sludge pollutant loadings are discussed in relation to a range of PNEC soil values sourced from the literature and calculated using established methodologies (EU TGD, 2003). 

MATERIAL AND METHODS
Five sludge samples were collected from different WWTPs located in four European cities (2 different WWTPs in city 1). Key city and WWTP characteristics are identified in Table 1. Sludge sampling at the WWTPs in each city involved the collection of 1 kg grab samples after their respective sludge treatments. Samples were analysed by commercial accredited laboratories according to their standard procedures (ScorePP, 2011). 
Table 1. Details of the populations, pollutant producing activities and water and sludge treatment facilities in the four selected European cities.
	City
	Population
	Main types of polluting activities
	Wastewater treatment technologies
	Sludge treatment technologies

	City 11
	1,200,000
	Trade, tourism, traffic
	Activated sludge
	Anaerobic digestion

	City 2
	184,000
	Cement production, paper and cardboard, plastic fabrication…
	Activated sludge
	Anaerobic digestion

	City 3
	1,200,000
	Textile, chemical, machinery and pulp industries, traffic
	Activated sludge
	Anaerobic digestion

	City 42
	53,000 – 159,000
	Tourism, boat construction, chemical production, 
	Activated sludge
	Dehydration and incineration 


Key: 1City 1 has two wastewater treatment plants, each utilises the same wastewater and sludge treatment technologies; 2 City population trebles in the summer
RESULTS AND DISCUSSION
An overview of the concentrations of PS and PHS measured in treated WWTP sludge from the four cities is presented in Table 2. These results indicate that of the 25 analysed PS, 15 were detected in all samples (although only 1 and 2 samples were analysed for hexachlorobutadiene and alachlor, respectively). These results indicate that a range of organic and inorganic PS may routinely be found in European sewage sludges. The metals Cd, Hg, Pb and Ni were consistently present as may be expected given their widespread use and presence in urban areas (Rule et al., 2006). Irrespective of the different pollutant generating activities (see Table 1), the sludge metal concentration profiles were similar across all four cities. Hg (0.7-3.22 mg/kg dm) and Cd (0.8-1.7 mg/kg dm) were present in the lowest concentrations, followed by Ni (20-48.9 mg/kg dm.), and Pb (30-90.5 mg/kg dm). This corresponds with the order of increasing abundance and sludge profile for metals reported by Carletti et al. (2008) in a study of five large Italian WWTPs treating municipal and industrial wastewaters. The evidence suggests that the variable metal levels arriving at WWTPs from both point (e.g. manufacturing and energy production) and diffuse sources (e.g. residential/tertiary activity, traffic) (e.g. Comber and Gunn, 1996; Rule et al., 2006) are averaged out during accumulation with the treated sewage sludge. 
Table 2. Concentrations of PS quantified in treated sludge from 4 European cities together with values reported in the literature (mg/kg (dm)) 
	Priority substance
	City 1
	City 2
	City 3
	City 4
	Values from Harrison et al., (2006) and Fytili and Zabaniotou., (2008)

	
	WWTP1
	WWTP2
	WWTP
	WWTP
	WWTP
	

	
	2007
	2008
	2007
	2008
	2008
	2008
	2009
	

	Alachlor
	n.i.
	n.i.
	n.i.
	n.i.
	<0.5
	n.i.
	0.08
	-

	Anthracene
	<0.03
	<0.03
	<0.03
	<0.03
	n.i.
	0.3
	0.07
	ND-44

	Benzo[a] pyrene
	0.04
	0.06
	0.015
	0.03
	n.i.
	<0.64
	0.14
	<0.01-25

	Benzo[b]fluoranthene 
	
	
	
	
	n.i.
	0.95
	0.3
	-

	Benzo[k]fluoranthene
	
	
	
	
	n.i.
	<0.64
	0.05
	-

	Benzo[g,h,i]perylene
	<0.03
	<0.03
	<0.03
	<0.03
	n.i.
	<0.64
	0.13
	ND-12.9

	Cadmium
	1
	0.9
	1
	0.8
	<1
	1.66
	<0.8
	1-3.41

	Chlorpyrifos
	
	
	
	
	0.00075
	n.i.
	0.25
	ND-0.529

	Chloroalkanes
	5.7
	1.6
	4.1
	<0.1
	n.i.
	n.i.
	<29,98
	

	DEHP
	58
	95
	61
	130
	n.i.
	1
	24.27
	ND-58, 300 (phthalates)

	Dichlormethane
	n.i.
	n.i.
	n.i.
	n.i.
	n.i.
	0.59
	<1
	ND-262

	Fluoranthene
	0.08
	0.18
	0.03
	0.07
	n.i.
	1
	0.2
	ND-60

	Hexachlorobutadiene
	n.i.
	n.i.
	n.i.
	n.i.
	n.i.
	n.i.
	0.19
	ND-8

	Indeno[1,2,3-cd]pyrene
	<0.03
	<0.03
	<0.03
	<0.03
	n.i.
	<0.64
	0.11
	ND-9.5

	Lead
	30
	22
	32
	19
	54.4
	90.5
	39.09
	13-26, 000

	Mercury
	1
	0.7
	1.1
	0.7
	1
	3.22
	3.2
	0.6-56

	Naphthalene
	0.1
	0.09
	0.03
	0.07
	n.i.
	1.1
	0.26
	ND-6, 610

	Nickel
	22
	24
	22
	20
	22.5
	48.9
	33.68
	2-5, 300

	Nonylphenol
	9
	15.2
	5.9
	13.4
	0.07
	n.i.
	<0.5
	ND-559, 300*

	Pentachlorophenol
	<0.005
	<0.005
	<0.005
	<0.005
	<0.5
	n.i.
	 
	<0.003–8, 490

	PBDE
	0.037
	0.027
	0.036
	0.03
	n.i.
	<0.01
	<0.1
	-

	4-tert-octylphenol
	0.53
	0.8
	0.29
	0.34
	0.5
	n.i.
	<0.5
	ND-559, 300*

	Tributyltin
	0.018
	0.021
	0.013
	0.013
	n.i.
	n.i.
	<2
	0.005-237.9


Key: n.i. = not investigated 
In relation to the organic PS, di(2-ethylhexyl) phthalate (DEHP), pentabromdiphenylether (PBDE), octylphenol, nonylphenol, C10-C13 chloroalkanes, selected PAHs and the organometallic compound tributyltin were determined in each sample analysed. Because of its wide range of applications, DEHP is considered to be ubiquitous in the aquatic environment where it is found to be typically associated with suspended particles. Gaspéri et al. (2008) have quantified DEHP in urban surface waters. Marttinen et al. (2003) noted that sorption to primary and secondary sludge was the main DEHP removal process during wastewater treatment and data determined in this study support these findings. Incomplete combustion processes are important emission sources of PAHs in urban areas and according to ICON (2001) vehicle traffic, power stations, waste incineration and industrial plants are the most common anthropogenic sources. Traffic activities also release PAHs via wear and tear of car tyres, asphalt and car washing. Following atmospheric release, PAHs are deposited onto surfaces and in the aquatic environment adsorb onto suspended solids and subsequently become associated with sludge (Brignon, 2006). 
Despite its use being phased out in 2004 (Lecloux, 2008), PBDE was detected in all analysed sludge samples. Other PS banned in the EU but still being detected include the herbicide alachlor, pentachlorophenol and nonylphenol (prohibited in uses where emission to water is possible). These findings indicate that on-going or historic uses of PS or PS-containing products continue to affect sludge quality in the investigated EU WWTP catchments and, importantly, that legislative controls (i.e. substance use bans) cannot necessarily be considered to be an immediate/comprehensive measure for addressing PS emissions. For example, although the use of nonylphenol is heavily restricted, elevated sewage sludge concentrations continue to be reported, with its use in textiles imported from outside the EU (and hence not subject to the same restrictions) identified as a key source (Mansson et al., 2008). Similarly, although the uses of tributyltin (TBT) and its compounds for fungicidal and biocidal purposes are severely regulated, TBT was detected in all analysed sludge samples. For many years TBT was used primarily in underwater and antifouling paints for boats. This use was banned throughout the EU in 2003 but the past use of organotin compounds in tile adhesives and bath caulk (Donner et al., 2010) could continue to explain their presence in WWTP sludge. 
An overview of sludge PS concentrations reported in the literature is given in Table 3. Comparison of literature values with measured data from this study shows the concentrations of PS in sludge from all monitored WWTPs to be at the lower end of the range of values previously determined, with a possible factor in this being differences in city-specific factors such as types and levels of industry connected to the sewage system. Comparison of sludge PS concentrations across the four cities indicates that levels are generally highest in city 3, especially for metals. As cities 1 and 3 have similar populations and types of wastewater and sludge treatment, the relatively higher levels of PS in the city 3 sludge are attributed to the presence of heavy industry (see Table 1) which by comparison is largely absent in city 1. 
Major sludge treatment processes applied in Europe include sludge pasteurisation, mesophilic anaerobic digestion, thermophilic aerobic digestion, composting, lime stabilization of liquid sludge, dewatering, and storage (Donner et al., 2009). These processes are primarily aimed at sterilisation, biogas production and volume reduction, and not explicitly PS removal (Fytili and Zabaniotou, 2008). Out of the five WWTPs sampled in this study, four use the same sludge treatment technologies (anaerobic digestion), with only City 4 utilising a different approach (dehydration; Table 1). The data collected is insufficient to support a rigorous comparative assessment of sludge treatment technologies. However, it should be noted that PS were present in samples from all 4 cities despite their varying characteristics. Data on sludge treatment efficiencies reported in the literature are limited but both increases and decreases in sludge PS concentrations depending on the applied sludge treatment technologies have been reported (Abad et al., 2005, Oleszczuk, 2008). Emerging methods for PS removal from sludge e.g. thermal treatment, ultrasound/sonification, alkaline treatment, and oxidation processes have shown promising results (Zheng et al., 2007; Jakobsen et al., 2004; Gavala et al., 2004) but further research is required before any clear recommendations can be made. 
Since the banning of sewage sludge disposal at sea in 1998, common sludge disposal pathways in Europe include agricultural use, incineration, land filling, forestry, land reclamation and use as fuel (co-incineration). Whilst the relative use of the various pathways varies between the EU Member States (Fytili and Zabaniotou, 2008), a major driver for further reducing micropollutant influent loads to municipal WWTPs is to facilitate the beneficial reuse of sewage sludge (i.e. biosolids) for soil conditioning of agricultural land. The European Directive most pertinent to the agricultural use of sewage sludge is Directive 86/278/EEC (EU, 1986) which establishes concentration limits for problematic metals typically present within sludge. The Directive is currently under revision and the working draft for the revised Directive indicates that future limits will be more conservative, and will also establish limits for selected organic PS (EU, 2010) (see Table 3). 
Table 3. PS concentration limits for sludge used in agriculture (mg/kg dm) in existing and proposed regulations, together with PNEC soil concentrations derived using various methods.
	Priority pollutants
	EU Sewage Sludge Directive
	Proposed EU sludge limits1
	Lowest national maximum levels2
	PNEC
Soil3
	PNEC

Soil4
	PNEC

Soil5

	Alachlor
	
	
	
	
	0.000002
	0.0001

	Anthracene
	
	
	
	0.13
	0.00007
	0.07

	Benzo[a]pyrene
	
	2
	1
	0.053
	0.00004
	

	Benzo[b]fluoranthene
	
	
	2.5
	0.28
	0.5
	

	Benzo[g,h,i]perylene
	
	
	
	0.17
	0.0000001
	

	Benzo[k]fluoranthene
	
	
	
	0.27
	0.009
	

	Cadmium
	20-40
	10
	0.5
	1.15
	
	

	Chloroalkanes, C10-13
	
	
	
	
	0.002
	1

	Chlorpyrifos
	
	
	
	
	0.000001
	0.0001

	DEHP
	
	
	50
	>13
	0.7
	0.3

	Dichloromethane
	
	
	
	
	0.002
	

	Fluoranthene
	
	
	4
	1.5
	0.003
	0.5

	Hexachlorobutadiene
	
	
	
	
	0.004
	

	Indeno[1,2,3-cd]pyrene
	
	
	
	
	0.01
	

	Lead
	750-1200
	500
	40
	166
	
	

	Mercury
	16-25
	10
	0.2
	0.3
	
	

	Naphthalene
	
	
	
	1.0
	0.002
	0.01

	Nickel
	300-400
	300
	25
	50
	
	

	Nonylphenol
	
	
	10
	0.3
	0.01
	0.04

	Octylphenol
	
	
	
	0.0067
	0.007
	

	PBDE 
	
	
	
	
	0.04
	

	PAH
	
	6
	
	
	
	

	Pentachlorophenol
	
	
	
	
	0.0004
	0.00001

	Tributyltin6
	
	
	
	
	0.002
	


Key: 1EU (2010) 2EU (2010a). 3 Taken from Eriksen et al., (2009) which collated PNECs from EU reports and scientific literature derived using a wide range of assessment factors. 4 ‘worst case’ soil toxicity PNECs derived using the EU TGD equilibrium partition method 5PNECsoil calculated using terrestrial toxicity data in the EU TGD partition method. 6 Tributyltin as the tributyl cation
To enable some Member States to achieve the new limits, it is probable that water companies will need to further tighten trade effluent consents for industries and/or seek further means of reducing WWTP influent loads of key pollutants. The alternative would be an unwanted reduction in land recycling of sludge and hence a waste of a potentially beneficial resource. Currently, most Member States impose more stringent requirements than those in Directive 86/278/EEC (see Table 3) and some member states (e.g. Switzerland) have banned the agricultural use of sewage sludge altogether. Table 3 documents the current sludge pollutant limits identified in Directive 86/278/EEC (EU, 1986), the proposed revised and additional pollutant limits, the lowest maximum levels set by a range of Member States and the Predicted No Effect Concentrations (PNEC) for soil values. These PNEC soil values have been derived from a variety of sources using a range of methods (see below).
It is noted that whilst the EU Environmental Quality Standards (EQS) Directive (EU, 2008) establishes EQS for 33 pollutants, the revised Sewage Sludge Directive (EU, 2010) sets values for 6 specific substances (includes additional limit values for benzo[a]pyrene and PAHs as a group). Whilst concentrations of Cd, Pb, Ni, DEHP and nonylphenol determined in selected sludge samples from the case cities exceed the lowest maximum concentrations for these substances set at a national level by various Member States (EU 2010a), none of the PS concentrations quantified exceed the limit values proposed under the revised Sewage Sludge Directive (EU, 2010) indicating a lack of consistency between approaches being adopted at an EU and Member State level. 

Little data exists on the ecotoxicological and toxicological consequences of organic PS in sludge used on agricultural land, raising questions about the risks associated with this practice. PNEC soil data presented in Table 3 shows considerable variation in values for a specific PS (e.g. calculated PNECs for benzo(g,h,i)perylene range by up to 6 orders of magnitude depending on the approach taken). The PNEC values set out in column 5 of Table 3 are taken from a review by Eriksen et al. (2009) of EU reports and the scientific literature, whereas the PNEC soil values presented in columns 6 and 7 have been theoretically derived using equilibrium partition modelling and aquatic toxicity and terrestrial toxicity data, respectively. It is not clear which types of PNECs are the most appropriate to apply when considering the sustainability of sewage sludge application on agricultural land and it is also noted that current data availability does not support the theoretical calculations of PNEC soil values for all PS/PHS. Comparison of the PS concentrations in sludge (Table 2) with the PNEC soil values presented in Table 3, indicates that 17 PS exceed the most conservative PNEC soil value (those listed in column 6) on at least one occasion and often by several orders of magnitude. For example, the highest concentrations of chlorpyrifos determined (0.25 mg/kg in the sample from City 4) and nonylphenol (15.2 mg/kg in sludge from City 1) exceed their most conservative PNEC soil values by 7 and 5 orders of magnitude, respectively. Nine PS (anthracene, benzo[a]pyrene, benzo[b]fluoranthene, Cd, DEHP, Hg, naphthalene, nonylphenol and octylphenol) exceed the least stringent PNEC values (i.e. those presented in column 5 of Table 3) on at least one occasion, with concentrations of Hg exceeding this category of soil PNEC in every sample analysed. In contrast, sludge concentrations of PBDE did not exceed even the most conservative PNEC soil value in any of the samples in which this PS was quantified, with concentrations of Pb and Ni not exceeding the single soil PNEC value available for comparison in any of the samples. However, it should be noted that sludge application rates for agricultural land are typically decided on the basis of crop nutrient requirements so a sludge concentration in excess of a calculated soil PNEC value is not necessarily a sustainability issue. 
CONCLUSIONS
The results presented in this paper show that a wide range of PS/PHS are present in treated municipal sludges from WWTP located in five different urban locations in four different cities. A key aspect of these findings is that the characteristics of these urban areas differ (in relation to factors such as contributing polluting activities, socio-economic conditions and population size) as this suggests that the presence of PS/PHS in sewage sludge is likely to be a common phenomenon. This finding is of concern for several reasons. Under implementation of the EU WFD, the volumes and PS/PHS concentrations in sewage sludges are anticipated to rise under increasing pressures to meet stringent receiving water EQS. At the same time, the drivers to reuse sewage sludge on agricultural land are also increasing, from the perspectives of nutrient and organic matter supply and its identification as a comparatively low cost, low carbon disposal route. However, currently concentration limits for many PS/PHS are not only missing from both EU and national regulation for sludge management but have yet to be proposed in EU working documents. The lack of data on the ecotoxicological effects of PS/PHS in sludge and knowledge gaps on the most appropriate method for both deriving and applying soil PNEC values within the context of applying sludge to agricultural land are identified as urgent research priorities. Although considerable attention is being given to the quality and impact of runoff from agricultural land in relation to phosphorous, the impact of PS/PHS derived and transported to receiving waters through the same pathway has yet to receive the same rigorous attention. This ‘source-pathway-receptor’ route is highlighted as a potential cause of failure of water bodies to achieve good ecological status (required by the EU WFD) which has yet to be fully evaluated. Whilst sludge treatment research is ongoing, including work focusing on micro-pollutant removal, further studies are required as not all suitable treatments may prove to be economically viable. Other beneficial disposal pathways, such as sludge reuse in construction materials, are also receiving more attention but, as with the application of sludge to agricultural land, the problem regarding PS/PHS concentration limits for reuse requires to be addressed in order to limit the risks to humans and the environment. It is clear that further investigations on sludge PS/PHS content and the completion of risk assessments linked to the land application of such sludges is crucial to ensure that good ecological and chemical status of all EU water bodies can be achieved.
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