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Abstract 15 

This study comprises a detailed analysis of data for perfluorooctanesulfonic acid (PFOS), and 16 

perfluorooctanoic acid (PFOA) for over 600 wastewater treatment works effluents (WwTW) as well as 17 

samples upstream and downstream of each discharge of effluent into its receiving water. This has 18 

allowed an investigation of not only the effectiveness of removal of the perfluoroalkyl substances 19 

(PFAS) compounds during wastewater treatment but also implications for compliance with the 20 

environmental quality standard (EQS) set for PFOS under the Water Framework Directive. It is shown 21 

that effluents contain concentrations of PFOS that exceed the annual average EQS by a factor between 22 

1.1-fold and 40-fold. The corresponding factors for PFOA are between 2-fold and 22-fold. The presence 23 

of high concentrations upstream, means that between a quarter and a third of individual effluents are 24 

found to reduce the concentration of fluorocarbons in the river downstream of the discharge point. The 25 

elevated concentrations upstream of the studied wastewater treatment works suggest inputs of these 26 

perfluoro compounds into the aquatic environment are ubiquitous and therefore difficult to address from 27 

simply setting permit conditions for individual WwTW. The freshwater EQS set for PFOS is based on 28 

several worst-case accumulation coefficients and large safety factors, which, when combined, result in 29 

a sub ng/L EQS. Consequently, the use of the biota derived quality standard may be a more realistic 30 

measure of environmental risk. It may be prudent, to assess the effectiveness of controls implemented 31 

in the last few years before considering widespread end-of-pipe treatment.      32 

 33 
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1. Introduction 39 

Per-fluoroalkyl substances (PFAS), once globally taken up for a variety of applications, are now being 40 

recognised as having a detrimental impact on the environment owing to their persistence, 41 

bioaccumulation and toxicity. First invented in the 1930s, PFAS are an extensive group of chemicals 42 

varying in chemical and physical properties (Ross, et al., 2016). At least 4730 different types of PFAS 43 

have been identified (OECD, 2018). Major examples include perfluorooctanesulfonic acid (PFOS), and 44 

perfluorooctanoic acid (PFOA) which have come to particular attention of regulators (European 45 

Chemicals Agency, 2020). The physico-chemical properties of these compounds: high 46 

electronegativity, low polarizability, and small molecular size provided by strong C-F bonding, weak 47 

intermolecular interactions lead to unusually high chemical and thermal stability as well as hydrophobic 48 

and lipophobic properties making them ideal for certain applications. Typically, PFOS has been used in 49 

the semiconductor and photographic industries, and some firefighting foams. It is also used as a 50 

protective coating for carpets, textiles, and leather. PFOA found uses in fluoropolymers, which are used 51 

in electronics, textiles, and non-stick cookware (Public Health England, 2009). PFASs can enter the 52 

environment through the production, use, and disposal of the products. For example, PFAS have been 53 

used as fabric coatings to enhance stain-resistance in various clothes. It is reported (Lassen et al., 54 

2015) that after wearing and washing the clothes 20-30 times, the coating can break down and release 55 

the PFAS. Finally, when the clothes are disposed of to landfill, the PFAS can enter the environment 56 

through leaching. 57 

 58 

PFAS tend to be mobile, when released either into the atmosphere or surface water/groundwater. Loads 59 

of as much as 25-850 kg/year of PFAS have been reported to be transported to polar regions (Yeung 60 

et al., 2017). Consequently, with respect to bioaccumulation, PFAS in the oceans and freshwater bodies 61 

can enter the food chain and bioaccumulate and biomagnify across all trophic levels. Risks to human 62 

health thus arise via contaminated drinking water, consumption of fish and shellfish or foods that are 63 

grown in contaminated soil (Christensen et al., 2017). Toxicity has been reported for fish and dolphins 64 

(Guillette et al., 2020; Soloff et al., 2017); and human exposure to PFAS is of concern as illustrated by 65 

effects in animals on reproductive, developmental, liver, kidney, and endocrine systems (US EPA, 66 

2020a). Phasing out of production and implementation of action plans were initially instigated in the 67 

USA (Zanolli, 2019; US EPA, 2020b). Other countries such as Canada have implemented bans on 68 

manufacture, sales and imports (Canada.ca, 2019). Within Europe PFOS and PFOA are restricted 69 

under the EU POPs Regulation (Regulation (EU) 2019/1021) and some short chain PFAS controlled 70 

under the REACH EU chemical legislation (ECHA, 2020). Most significantly, globally PFOA and PFOS 71 

have been listed under the Stockholm Convention on Persistent Organic Pollutants (POPs).  There are 72 

some exemptions for use under specified circumstances such as within photoresists or anti reflective 73 

coatings for photolithography processes and photographic coatings (EC, 2017). Use of PFOA appears 74 

to have been slightly less than PFOS (ECHA, 2014, 2015). Controls imposed on the production and 75 

use of these fluorcarbons means that concentrations should be declining in the environment. Specific 76 

high risk uses such as the use in firefighting foams can result in direct release of PFASs into the 77 

environment, as was reported for a major fire in the UK in 2005 (EA, 2007).  78 
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 79 

Concerns regarding the environmental impacts of PFAS chemicals have led to PFOS being categorised 80 

as a Priority Hazardous Substance with a freshwater Environmental Quality standard of 6.5x10-4 µg/L 81 

(0.65 ng/L), as an annual average (EU, 2000). There is no equivalent value for PFOA. PFOS and PFOA 82 

have been reported in river samples downstream of WwTW in countries such as Japan and USA where 83 

concentrations range from low ng/l up to 1000’s of ng/l (Hansen et al., 2002; Lien et al., 2008; Zushi et 84 

al., 2008). Further data are required on the occurrence, sources, routes of transport and removal of 85 

PFAS in wastewater treatment.  86 

 87 

The UK Chemical Investigation Programme (CIP) is a monitoring programme undertaken over the past 88 

ten years as a collaborative programme between UK water companies and the relevant regulatory 89 

organisations.  An initial phase (CIP1), carried out in 2010-2013, addressed the need for data relating 90 

to newly regulated substances. The second phase (CIP2 - 2015-2020) was intended to quantify risk of 91 

non-compliance with EQS values at a site-specific level in order that appropriate and justifiable remedial 92 

action can be taken. This included monitoring of the quality of river water and sewage effluents at more 93 

than 600 wastewater treatment works’ (WwTW) sites. The CIP2 dataset generated monitoring data for 94 

WwTW effluents and receiving waters (upstream and downstream of the discharge point) for over 50 95 

determinands including PFOS and PFOA (UKWIR, 2018). The aim of this work was to assess the fate 96 

of PFOS and PFOA during wastewater treatment as well as compare upstream and downstream 97 

concentrations across England to determine the impact of WwTW effluent on concentrations and 98 

compliance. By thoroughly analysing the data it was possible to make conclusions regarding the 99 

ubiquity of occurrence, the significance of WwTW as sources of PFAS as well as determine the 100 

compliance against the critiqued EQS, there by providing information vital for considering future 101 

management options.  102 

2. Methodology 103 

2.1 Sampling  104 

Results from 2015 to 2017 have been obtained for over 600 WwTW sites (20 sampling occasions per 105 

substance in effluent and 36 per substance in river water upstream and downstream of the effluent 106 

discharge) over a period of two years between June 2015 and June 2017 (Figure 1).  Samples of 107 

effluent, upstream and downstream samples were collected at the same time on each occasion to 108 

ensure consistent hydrological conditions in the river. Numbers of results per substance therefore 109 

corresponded to over 12000 for effluents and over 43,000 for river samples taken upstream and 110 

downstream of effluent discharges.  111 

 112 

Samples were collected as grab samples taken at approximately evenly spaced intervals over (for each 113 

site) a two-year sampling period, rather than as composite sampling. This latter approach was 114 

precluded by concerns about sample stability raised in tests prior to the commencement of the 115 

programme (Gardner et al., 2012). Taking randomly scheduled discrete samples is a guarantee of an 116 
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unbiased estimator of the variables of interest, such as mean, median and variance etc. Alternative 117 

approaches such as composite sampling, whilst it does provide a nominally more precise estimate of 118 

mean etc (for a given sampling effort) is not a sound approach to generate a ready appreciation of 119 

variance. A minimum of 15% of sampling was undertaken in non-working hours (evenings and 120 

weekends) and included in the data analysis to account for any possible systematic effects in the 121 

sample collection process.  122 

 123 

 124 

 125 

Figure 1  Location of sites for CIP2 programme for which samples of WwTW effluent, 126 

upstream and downstream were taken  127 

 128 

 129 

2.2 Sample treatment and analysis 130 

Samples were collected in stainless steel samplers, stored in glass containers and transported at 4° C 131 

to the analytical laboratories. The maximum sample storage period was determined for key 132 

determinands prior to the beginning of the programme by undertaking tests of sample stability. A period 133 

of 3 to 5 days storage for trace determinands (depending on substance) was shown not to lead to more 134 

than a 20% change in concentration. Detailed sampling, filtration and preservation requirements are 135 

provided in S1 of the Electronic Supporting Information (ESI). Analytical work was commissioned from 136 
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contracted laboratories, who used their own in-house analytical methodologies, which were not 137 

standardised but had to meet minimum and exacting performance criteria. Given the variety of potential 138 

methods used and allowing for commercial sensitivities it is not possible to detail specific Gas and/or 139 

Liquid Chromatographic-Mass Spectrometry techniques employed by the laboratories. However, to 140 

ensure analytical quality was paramount the programme management team specified analytical 141 

performance characteristics for laboratories to meet before participating. This included ISO17025 142 

accreditation, the requirement to undertake tests of analytical performance to demonstrate that they 143 

met the stated programme requirements for limit of detection (LOD), precision and recovery in relevant 144 

sample matrices at relevant concentrations. The required LOD values for PFOS and PFOA was 0.00065 145 

(in effluents) and 0.00009 (in river waters) µg/L. LOD was defined as 3.3x the standard deviation of 146 

blank-corrected results of determinations made on a sample containing essentially no determinand 147 

(where possible in a relevant sample matrix) (Thompson and Ellison, 2013). In some cases, it was not 148 

possible to find effluent samples free from determinands in which case a synthetic sample was used). 149 

The full dataset for PFOS showed that <2%, <2% and <0.5% of samples were <LOD for the effluent, 150 

upstream and downstream river samples respectively. The equivalent data for PFOA were <1%, <2% 151 

and <0.5% of samples were <LOD for the effluent, upstream and downstream river samples 152 

respectively. See section S1 and Table S1 of the electronic supporting information for more detail.  153 

 154 

Quality control determinations were undertaken for both laboratory tests and field sampling. 155 

Laboratories also took part in a bespoke proficiency testing scheme. Details of the proficiency testing 156 

scheme used to confirm data quality is provided in S1 of the Electronic Supplementary Information 157 

(ESI). Where reported concentrations were below the required LOD, the result was substituted at half 158 

face value - as stipulated in the relevant Directive (EC, 2009). For PFOS and PFOA there were no 159 

important instances of inter-laboratory bias or inter-regional variation (data not shown), which would 160 

indicate important bias in the methodology of sample handling and analysis.  161 

 162 

  163 
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3. RESULTS and DISCUSSION 164 

 165 

3.1 PFOS and PFOA in UK rivers, upstream and downstream of WwTW 166 

effluent discharges 167 

Figure 2 shows cumulative distribution function (CDF) plots for PFOS and PFOA, including data for 168 

average river water concentrations upstream and downstream of each of the CIP WwTW discharges 169 

as well as data for the corresponding effluents.  170 

 171 

The plots illustrate the widespread EQS exceedances at upstream sites as well as the influence of the 172 

WwTW discharge on downstream water quality. This impact is shown by the degree to which the 173 

downstream curve is displaced to the right (to higher values of x) with respect to the upstream curve. 174 

The occurrence of a large displacement rightwards, should it occur, indicates that downstream 175 

concentrations are increased. There are some clear conclusions to be drawn; namely that for PFOS in 176 

particular the increase in concentration downstream is small and that concentrations of PFOS and 177 

PFOA upstream of WwTW discharges predominantly exceed EQSs by a large margin. The mean 178 

increase for both substances is 10% of the upstream value and the median increase for PFOS is 19% 179 

and for PFOA 35%. This is a consequence of the upstream concentrations being already markedly 180 

elevated, such that the percentage of EQS non-compliance only changes from the high eighties to the 181 

mid to high nineties for both substances. The UK situation reflects similar reports for developed 182 

countries with similar concentration profiles between PFOS and PFOA and elevated concentrations in 183 

WwTW effluents (Lein et al., 2008). Other studies have showed an increasing concentration of PFAS 184 

compounds down a catchment owing to their persistence combined with increasingly urban populations 185 

in the lower parts of the catchment. The Danube for example exhibits concentrations up to 30 ng/L for 186 

PFOS and PFOA (Lindim et al., 2015). However, a recent review noted the positive effect of phase-187 

outs and regulations but noted the impacts on the environment have not always been well studied and 188 

longer-term surveillance monitoring is required to increase the power of the trend analysis (Land et al., 189 

2018).  190 

  191 
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 192 

 193 

 194 

 195 

Figure 2 CDF plots for concentrations in WwTW effluents and in rivers and upstream and 196 
downstream of effluent discharges 197 
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A fundamental issue relating to the implementation of pollution control measures is the extent to which 199 

changes in riverine contaminant concentrations are apparently brought about by specific effluent 200 

discharges. For instance, it is possible to envisage at least three different categories of situation: 201 

 202 

a) The predominantly local problem – where a small number of effluents have a marked impact 203 

on downstream river concentrations of a contaminant. In this case the remediation strategy 204 

likely to be favoured might involve implementation of improved treatment methodologies as well 205 

as (where possible) control of inputs to the WwTWs concerned. 206 

b) The problem of widespread in-river noncompliance with EQS values that appears to be caused 207 

by a large proportion of WwTW discharges. This is essentially pollution by sewage effluent 208 

where the concentrations upstream of effluent discharges tend to be low, but concentrations 209 

downstream are elevated to an important extent. Remedial measures in this case might be 210 

similar to a) above but, given the difficulty and cost of upgrading large numbers of treatment 211 

processes, a greater focus on blanket controls of inputs at source (as has been already 212 

employed for PFOS and PFOA) might be more appropriate and cost effective.  213 

c) Widespread EQS non-compliance that is not demonstrably caused by the local effluent 214 

discharge. That is, where the change in concentration from upstream to downstream is, in the 215 

majority of cases, small in relation to both the upstream concentration itself and in relation to 216 

compliance above and below the discharge point. In this case the question of what action to 217 

take is more difficult to address. Upstream sources appear to be the immediate issue, there 218 

remains the question that having addressed these upstream issues, will downstream sources 219 

have then to be dealt with as well? 220 

It appears that the position relating to riverine concentrations of the fluorocarbons PFOS and PFOA is 221 

one of the relatively unusual instances where case c) applies. This could be interpreted as an instance 222 

where WwTW effluents appear to have a small impact on riverine concentrations, despite rivers and 223 

effluents being near to universally non-compliant themselves. Two further questions arise as 224 

consequence of these findings.   225 

 226 

It might be assumed that in locations regarded as pristine/unspoiled environments fluorocarbon 227 

concentrations would be low. Unfortunately, this is not the case. PFAS have been recently detected 228 

(Muir et al., 2019) in seawater and sea ice in the European arctic at remarkably high concentrations. 229 

Concentrations of PFOA in sea ice have been reported as being in the range 20-100 pg/l (the marine 230 

annual average EQS is 130 pg/l). Freshwater (annual average EQS 650 pg/l) studies at high latitudes 231 

indicate a wide range of values presumably arising from variations in proximity to local sources, but 232 

concentrations of several thousand pg/l of PFOA have been determined (Lescord et al., 2015).  233 

 234 

With respect to UK rivers, the concern is that WwTW discharges in an upper catchment might serve to 235 

elevate fluorocarbon concentrations to levels of concern and that sewage effluent discharges lower in 236 

the catchment serve to maintain these concentrations further downstream. The data presented here 237 
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neither proves nor disproves this theory. There were sites considered to be at the top of catchments 238 

where fluorocarbon concentrations were lower than elsewhere but in other locations this appeared not 239 

to be the case. However, it should be noted that the sampling programme’s objectives were chosen 240 

based on higher risk locations that predominantly were not in the category of “pristine”. Indeed, given 241 

the arctic data noted above, even the concept of a pristine environment in the UK might be questionable.   242 

 243 

The data set also provides reasonable circumstantial evidence of the association between aviation and 244 

markedly higher fluorocarbon concentrations in surface water. However, out of the 600 sites only a 245 

handful of locations can be associated with plausible fluorocarbon sources such as airfields, airports or 246 

facilities where PFOS might be used in the context of fire prevention. This, of course, is a consequence 247 

of the site selection process which did not factor in the investigation of specific types of sites, other than 248 

those primarily where WwTW effluent were subject to relatively low dilution in the respective receiving 249 

water.  250 

 251 

3.2 Site by site analysis 252 

Further analysis was undertaken to examine the changes in fluorocarbon concentrations from upstream 253 

of the local WwTW discharge to downstream on a site-by-site basis in order to determine the extent to 254 

which individual WwTW discharges have a clear impact on downstream concentrations (Figure 3). The 255 

data show that both positive differences (downstream higher than upstream) and negative differences 256 

occur.  In the case of PFOS, negative changes occur in 175 out of 527 comparisons (1/3rd), for PFOA 257 

this figure is 130 out of 527 (1/4). This is a demonstration of the complexity of the picture presented by 258 

PFAS compounds. 259 

 260 
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 261 

262 

 263 

Figure 3 Histograms of upstream to downstream changes in concentrations at WwTW sites 264 
Note: Each bar of the histogram shows the number of sites where the concentration 265 
is between the value shown on the x axis and the next category down.  266 
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The interplay between upstream and effluent concentrations is complicated, such that the highest 268 

effluent concentrations do not necessarily correspond to the highest downstream concentrations. This 269 

is illustrated in the diagrams in Figure 4, in which the concentrations of the PFAS compounds in the 270 

effluent and downstream were ranked for all of the effluents, then plotted against each other. Owing to 271 

the persistence of PFOS and PFOA it can be assumed that the is little likelihood of any 272 

biotransformation between the upstream and downstream sites for the samples taken on each 273 

occasion. The rank values of each axis are the numerical order from lowest to highest concentration for 274 

effluents and downstream concentration values, respectively. Whilst there is a weak tendency for high 275 

concentration effluents to correspond to high concentrations downstream, there are many instances 276 

where low concentration effluents are associated with high concentrations downstream, and vice versa. 277 

Observed downstream concentrations are a function of effluent concentration and flow relative to that 278 

in the river upstream, however, it may be concluded that effluent concentration alone, is a poor guide 279 

to downstream water quality, with the importance of upstream PFAS contributions being far greater in 280 

many cases.   281 

 282 

 283 
Figure 4 Comparison of rank values for downstream and effluent concentrations  284 
 285 
  286 
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3.3 Fate in Wastewater Treatment 287 

An intensive survey of 20 Scottish WwTW over 28 sampling occasions provides a dataset with which 288 

to assess the impact of wastewater treatment on PFOS and PFOA (Figure 5). There are some key 289 

differences between the results for the two substances as summarised in Table 1.  290 

 291 

Table 1 Summary of changes in concentration from influent to effluent  292 

Percentage concentration - change influent to effluent (negative 
values indicate a reduction from influent to effluent) 

 PFOS PFOA 

10%ile -67 -43 

25%ile -48 -2 

50%ile -39 15 

75%ile -20 35 

90%ile 29 106 
 293 

In summary, this dataset indicates removal of PFOS between 20% to 50% (interquartile range), 294 

whereas the change from influent to effluent for PFOA was on the whole an increase that was spread 295 

over an IQR of -2 to 35%. Other studies on the removal of PFAS during wastewater treatment suggest 296 

per fluorinated compounds are not consistently removed and that effluent concentrations can be higher 297 

than influent levels owing to their formation via biodegradation of precursor compounds (Arvaniti and 298 

Stasinkis, 2015). PFOA has been reported to be the main transformation product of 8:2 Fluorotelomer 299 

alcohol (8:2 FTOH) (Wang et al., 2005), this highlights that PFOA and PFOS are not the only fluorinated 300 

chemicals likely to be entering WwTW and that the pathways and breakdown products are likely to be 301 

complex. The controls on PFOS and PFOA use would be expected to be beginning to have an impact 302 

on observed concentrations and loads from sources such as WwTW, although there are only limited 303 

temporal datasets available and they tend to note that time periods have not been sufficient to provide 304 

significant statistical power (Nguyen et al., 2019). 305 

 306 

These data suggest that conventional wastewater treatment has little impact on PFAS concentrations 307 

reflecting their relatively low sorption potential, and so limited loss to sludge and high persistence which 308 

reflects their lack of biodegradation during secondary biological treatment. Advanced treatment 309 

techniques have been shown to be successful in removing a greater quantity of PFAS either to sludge 310 

or through aggressive degradation methodologies, however, it has been noted that there is a paucity of 311 

quantitative assessments taking account of economic and technical aspects (Arvaniti and Stasinkis, 312 

2015). Consequently, it is important to take account of the impacts of PFAS on receiving waters.   313 

   314 

 315 

  316 
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Figure 5     PFOS and PFOA concentrations in influent (green/blue) and effluent (red/yellow) of 369 

20 UK WwTW 370 
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 372 

3.4 Seasonality 373 

Figure 6 illustrates a breakdown of the data by month of sampling over the five-year programme 374 

(bearing in mind that for logistical reasons the sampling programme was staggered such that any given 375 

location was only sampled for 24 consecutive months).  376 

 377 

 378 

Figure 6  PFOS time series plot. Note “LOESS” – local optimised scatterplot smoother 379 
(Cleveland and Devlin, 1988) 380 

 381 
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The pattern evident here is of marginal seasonal variation corresponding to lower in-river dilution in the 383 
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than the LOD to 77 ng/L across Europe (SCHER, 2011). The estimated in-river concentrations are 399 

greater than those detected either upstream or downstream of WwTW in this study, where median 400 

concentrations were 2.6 and 3.2 ng/L for PFOS and 2.5 and 4.7 ng/L for PFOA respectively.     401 

 402 

Acute toxicity of PFOS in freshwaters is typically in the mg/L range with fish appearing slightly more 403 

sensitive to PFOS compared with algae and invertebrates (SCHER, 2011). Chronic toxicity data 404 

reported No Effect Concentrations down to less than 2.3 µg/L range for chironomus (MacDonald et al., 405 

2004). To generate an EQS a factor of 10 was applied to derive the 230 ng/L aquatic standard. The 406 

secondary poisoning standard for aquatic predators was based on a Cynomologus monkey study 407 

(Seacat et al., 2002). A No Observed Adverse Effect Level of 0.03 mg/kg was observed for hormone 408 

changes and was subjected to a 90 times safety factor (= 0.033 mg/kg bw). By applying observed worst 409 

case bioconcentration factors (worst case BCF = 2796) and biomagnification factors (mean = 5) a value 410 

of 2 ng/L for freshwater secondary poisoning. For human health a tolerable daily intake of 150 ng/kg 411 

has been derived and assuming 115g of fish eaten per day by a 70kg human being and that a maximum 412 

of 10% of the TDI may be used consuming fish, then a 9.1 µg/kg for biota (as wet weight) is derived. 413 

Dividing this value by a combination of the BCF and BMF above generates an equivalent water EQS of 414 

0.65 ng/L. This being the most conservative estimate is used as the overall EQS for water. As can be 415 

seen in Figure 2, the ubiquitous nature of PFOS and PFOA throughout the UK river system where the 416 

mean upstream concentrations of PFOS and PFOA are 2.6 and 2.5 ng/L respectively, means there is 417 

only 13% and 11% compliance for upstream samples for the PFOS and PFOA EQS respectively for 418 

data from over 600 sites generated as part of this study. This, of course, is not to absolve WwTW 419 

discharges from any implied responsibilities with respect to compliance, it merely illustrates that, 420 

currently, high upstream values mean that at a sizable proportion of CIP sites WwTWs do not cause 421 

non-compliance. Downstream compliance drops to only 5% and 2% for PFOS and PFOA, respectively. 422 

However, if all upstream concentrations were reduced to zero, it is clear that current inputs from WwTWs 423 

would be sufficient to result in widespread non-compliance with EQS values. Hence the implication is 424 

that for successful compliance both sources upstream of WwTWs and in nearly all WwTW effluents 425 

would require substantial reductions in PFAs inputs. 426 

 427 

The question has been raised how mutually consistent these EQS values are (ie do compliance 428 

assessments made against both tend to agree?). This issue is addressed by a comparison of modelled 429 

biota data with observed water column results (Valentine et al., 2018) (Figure 7). A separate more direct 430 

study (Valantine et al., 2018) involving matched sampling and analysis of water column samples versus 431 

analysis of co-located biota (fish) also has indicated a degree of inconsistency between the two 432 

regulatory values.  This set of duplicate data comparison offers the possibility of estimating a water 433 

column EQS value that is constant with the current biota EQS. 434 

 435 

Applying a linear regression between observed biota and water column PFOS data, the water column 436 

concentration that is found to be consistent with the biota standard of 9.1 µg/kg is nearer to 3 ng/l than 437 

to 0.65 ng/l (Figure 7). The alternative approach is to regress water column data as “x” on biota data as 438 
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“y”. This approach (not shown) leads to an estimate of a biota EQS of 5 µg/kg, rather than 9.1 µg/kg, 439 

as compatible with the water EQS value of 0.65 ng/l. A third simpler possibility is to use a non-parametric 440 

ranking approach to assess compatible EQS values. This indicates that the current biota EQS might be 441 

consistent with a water column value of approximately 2 ng/l. At this level, compliance increases to 29% 442 

and 22% for PFOS and PFOA downstream of WWTW respectively (41% compliance for both based on 443 

upstream samples).   444 

 445 

The key point to note here is that these data do not support the claim that the two current EQS values 446 

are compatible (EU, 2011). Essentially the “derivation” of the water column EQS from the more 447 

important biota value appears to be biased (more stringent) by a factor of 3-5-fold.  448 

 449 

 450 

 451 

Figure 7 PFOS – “matched sample” comparison of biota and water column data (redrawn 452 
from Valantine et al., 2018) 453 

 454 
 455 
Furthermore, a previous EQS derived for PFOA using the methodology set out under the Water 456 

Framework Directive generated a value of 48 ng/L, which was considered protective for lifetime 457 

consumption of fish by birds, humans and other mammals as well as for direct ecotoxicity to aquatic 458 

organisms (Verbruggen et al., 2017). This value would result in 100% compliance for the UK based on 459 

the available water quality data. The variations in bioaccumulation rates were identified as a key variable 460 

in determining water standards from ecotoxicological endpoints. The decisions in choosing 461 

accumulation and magnification factors as well as the reliability of toxicological endpoints can make 462 

orders of magnitude difference in the final EQS. In view of the importance of confidence in the EQS 463 
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values to compliance assessment and the potential need to justify highly costly remedial measures, 464 

further comparative testing is indicated in order to establish improved consistency in regulatory values. 465 

 466 

Based on previous estimates of persistent chemical die away in the aquatic environment (Comber et 467 

al., 2021) where rates of decline in concentration of contaminants in biota were predicted based on 468 

control measures of specified performance (i.e. nominal reduction in inputs), an assessment of the 469 

likelihood of achieving compliance in biota within a desired timescale was undertaken. Furthermore, a 470 

comparative assessment of likely success for different substances of current concern was carried out. 471 

In the case of PFOS, the estimated time to compliance in biota (for the current EQS) and given a 10% 472 

year on year reduction in emissions, was only 3 years. It is stressed that this figure is purely indicative 473 

and bears little relation to what might happen in any given real-life situation. Its significance is that it 474 

constitutes a measure of the likely difficulty in achieving compliance with a biota EQS for PFOS in 475 

relation to other substances of interest when all are assessed on the same basis against identical 476 

criteria. Thus, for PFOS, it might be concluded that a) a 10% annual percentage rate of reduction is not 477 

completely out of the question and b) relative to many other contaminants of concern, the prospects of 478 

progress for PFOS are encouraging (i.e. the timescale is relatively short). This assessment encourages 479 

the view that the PFOS biota standard (presuming it is ecologically well founded) appears to form the 480 

basis of a practicable future strategy, whereas the feasibility of meeting the water column standard, as 481 

noted above, is less certain.    482 

 483 

4. Conclusions 484 

This study comprises a detailed analysis of a large dataset on the concentrations of PFOS and PFOA 485 

in WwTW effluents as well as samples upstream and downstream of the receiving waterbodies. This 486 

has made possible an investigation not only of implications for compliance with the EQS set for PFOS 487 

under the WFD but also the effectiveness of removal of the PFAS compounds. The following 488 

conclusions may be drawn from the study:  489 

 490 

1. WwTW effluents contain concentrations of PFOS that exceed the annual average EQS by a 491 

factor between 1.1-fold and 40-fold. The corresponding factors for PFOA are between 2-fold 492 

and 22-fold. The ratios of upstream riverine concentrations to the EQS value are between 0.2 493 

and 80 fold (PFOS) and between 0.3 and 50 fold (PFOA). These ratios downstream are 494 

between 0.3 and 65.  495 

2. The highest effluent concentrations do not necessarily correspond to the highest downstream 496 

concentrations – dilution being an obviously important factor. However, given selection of the 497 

CIP sites focused on sites with a relatively limited range of dilutions, the correspondence 498 

between effluent and downstream concentrations is very poor. Whilst there is a weak tendency 499 

for high concentration effluents to correspond to high concentrations downstream, there are 500 

many instances where low concentration effluents are associated with high concentrations 501 
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downstream, and vice versa. Thus, effluent concentration is a poor guide to downstream water 502 

quality.  503 

3. Between a quarter and a third of individual effluent discharges are found to reduce the 504 

concentration of fluorocarbons in the river downstream of the discharge point.  505 

4. Elevated concentrations occur upstream of the studied WwTW suggesting inputs of these 506 

PFAS compounds into the aquatic environment are ubiquitous and therefore difficult to address 507 

simply by setting permit conditions for individual WwTWs.  508 

5. The derivation of EQS values in surface waters and biota for PFOS are apparently not entirely 509 

mutually consistent. The process of derivation involves the use of accumulation coefficients and 510 

large safety factors, the combination of which leads to a sub ng/L EQS for the water column. 511 

The usual practice of EU legislation, where multiple standards are involved, is to favour the 512 

standard devised for the protection of biota – with the use of an equivalent water column 513 

standard where this has greater practical applicability. In the case of PFOS this required 514 

equivalence is, at present, not necessarily demonstrable.   515 
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