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Urban stormwater capture for water supply: look

i'.) Check for updates‘
out for persistent, mobile and toxic substances
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Urban stormwater was traditionally managed for flood control and property protection. But this view is
changing as urban stormwater is increasingly recognized as an underused water resource. As cities
implement stormwater capture, treatment, and use practices, there is a growing need to address water
quality criteria beyond traditional pollutants such as nutrients, total suspended solids, pathogens, and
metals. Current use practice and regulations are lacking on the occurrence of persistent, mobile and toxic
(PMT) and very persistent, very mobile (vPvM) organic substances. These substances are poorly removed in
conventional stormwater treatment systems, e.g., urban blue-green infrastructure, and, thus, may pose a
risk when urban runoff is used to augment drinking water sources or discharged to surface waters. We
reviewed 97 stormwater monitoring studies and identified 49 PMT/vPvM substances detected in urban
stormwater. Although detection does not equate with risk, this highlights the potential importance of urban
stormwater as a source of PMT/VPvM substances released to water resources. There is a lack of
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surveillance data on PMT/vPvM substances in urban stormwater and their fate in stormwater control
measures, which hinders reliable risk assessments of stormwater capture. Unified guidelines are needed to
DOI: 10.1039/d3ew00160a (i) monitor PMT/vPvM substances in urban stormwater runoff, (i) assess the human and environmental risks
PMT/VPVM substances may pose for urban stormwater capture and use, and (iii) establish improved

rsc.li/es-water stormwater management and use criteria to ensure safe stormwater capture for water supply.

Water impact

Persistent, mobile and toxic (PMT) substances pose a threat to water supplies and aquatic ecosystems. However, their occurrence in urban stormwater is
largely unknown, which hinders reliable risk assessment of stormwater capture and use. This review presents our current knowledge on PMT substances in
urban stormwater and identifies future research needs for improved stormwater monitoring and management.

1 Urban stormwater risk to water
resources and water supply

urban areas and decreased water quality. Urban stormwater
runoff from roads, parking lots, building facades, roofs, or
green spaces can contain a variety of contaminants including
nutrients, metals, total solids, pathogens,

Urbanization, climate change, and water scarcity are leading
to new perspectives on urban stormwater in terms of both
runoff quantity and quality. Impervious surfaces result in
increased stormwater runoff, which can lead to flooding in
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suspended
microplastics, and trace organic contaminants.'” Trace
organic contaminants in runoff include pesticides, vehicle-
related compounds, polycyclic aromatic hydrocarbons (PAHs),
pharmaceuticals and personal care products (PPCPs), and
many other compounds such as organophosphate flame
retardants and per- and polyfluoroalkyl substances
(PFAS)."*”® Urban stormwater can be a risk to freshwater
resources, Le., rivers, lakes, and groundwater.”°> For
instance, biocides used on flat roofs were detected in
groundwater due to infiltration of urban stormwater,"® and
acute mortality of coho salmon was related to a tire rubber-
derived chemical in urban stormwater.’* Lack of guidance on
trace constituents in urban stormwater can be a barrier for
stormwater harvesting to augment water supplies."®

This journal is © The Royal Society of Chemistry 2023
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Amongst the various trace organic contaminants in urban
stormwater, those that are persistent, mobile, and toxic
(PMT) or very persistent and very mobile (vPvM), collectively
referred to as PMT/VPYM substances are of particular
concern. Due to their persistence in the environment and
mobility in soils, groundwater, and artificial barriers, PMT/
vPVM substances may pose a risk to groundwater and surface
waters when emitted."®°

In response to the concern of these substances, Europe
has recently adopted and defined PMT/vPvM hazard classes
for organic substances as part of the revision to the
regulation on classification, labelling, and packaging of
chemicals (CLP), Regulation EC 1272/2008.>' For a substance
to obtain the PMT/VPVM hazard classification in the CLP
regulation, it would meet the following conditions. First, the
substance must be either persistent (P) or very persistent
(vP), referring to a simulated half-life in freshwater >40 or
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>60 days, respectively, or a simulated half-life in soils/
freshwater sediments >120 or >180 days, respectively.
Second, the substance must be mobile (M) or very mobile
(vM) based on its lowest log soil organic carbon-water
partition coefficient, logKoc, between a pH of 4-9.
Substances with a lowest log Koc < 3 are considered mobile
(M) and <2 very mobile (vM). Substances that meet the P and
M criteria, and are additionally considered toxic, are
considered PMT substances. Substances that meet the vP and
VM criteria are considered vPvM, and may additionally be
considered PMT if also toxic.

To date, data on the occurrence and toxicity of PMT/VPvM
substances in water resources is spotty, and reliable hazard
assessment only exists for a small set of compounds. This
situation is further confounded by data gaps owing to few
commercial laboratories having the capacity to measure
unregulated highly mobile, polar organic substances.'®* A
recent list includes 340 PMT/VPVM substances that are
registered under the European Union's REACH regulation
(Registration, Evaluation, Authorisation and Restriction of
Chemicals, Reg. (EC) 1907/2006) along with their relative
emission likelihood.”® These PMT/VPvM substances are
identified based on guidance for assessing the persistency,
mobility, and toxicity criteria, as detailed in Arp and Hale."***

Most conventional stormwater treatment systems are
designed to remove suspended solids and regulated
pollutants, and highly soluble PMT/vPvM substances are
expected to be poorly removed in these treatment
systems.”**2® Water quality and health risks must be
carefully evaluated before augmenting water supplies with
urban stormwater on a widespread basis. However, there is a
lack of data on the occurrence and levels of problematic
PMT/VPVM substances in urban stormwater, leading to
unknown risks for freshwater resources, urban stormwater
recharge of aquifers, and augmentation of water supplies.
The goal of this review is to explore current knowledge on
PMT/vPVM substances in urban stormwater by addressing the
following questions: 1. Which PMT/vPvM substances have
been found in urban stormwater thus far? 2. What is the
status of knowledge on their risks for freshwater resources
and stormwater harvesting? 3. What are the challenges
related to PMT/vPvM substances and future needs to increase
innovation in urban stormwater capture? This effort can help
focus attention on the potential relevance and toxicity of
PMT/vPVM substances in urban runoff for water resources.

2 Special concern: persistent, mobile,
and toxic substances in stormwater
Literature review for PMT/VPvM substances in urban stormwater

We collected and reviewed 97 studies on Scopus reporting all
types of dissolved and particle-associated trace organic
contaminants (including e.g., pesticides, PAHs, and PFAS but
excluding metals) in urban stormwater from the 1990s to
2022 (list of studies shared in the following repository:
https://doi.org/10.5281/zenod0.7973643). No study specifically
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focused on the occurrence and concentration of persistent
and mobile organic substances in urban stormwater. A
metadata analysis revealed a total of 542 trace organic
contaminants found in urban stormwater around the globe
in concentrations above the respective limit of quantification.
All studies were included in the metadata analysis
independent of the chosen sampling strategy (grab sampling,
composite sampling). We selected only studies that measured
stormwater from urban areas, not agricultural land, however,
the wide variety of urban land use categories does not allow a
clear classification of the monitoring sites. The identification
of PMT/VPVM substances in urban stormwater was done by
comparing the chemical identifier InChIKey with a recent list
of 340 REACH-registered PMT/vPvM substances following the
proposed criteria by the German Environment Agency.>” In
our search for stormwater quality data, we focused on studies
measuring a range of contaminants in runoff from urban
catchments. Moreover, we searched Scopus for PMT/vPvM
substances with a very high emission likelihood** to ensure
that we have not missed any relevant study. The list of PMT/
vPvM substances detected in monitoring studies of urban
stormwater is shared in the following repository https://doi.
0rg/10.5281/zenodo.7973643. For selected substances, reliable
data from composite water sampling was available, and thus
summary concentration statistics (i.e., calculation of median
and quantiles) were performed on previously collected
monitoring data.® For substances that were measured both as
filtered (dissolved) and non-filtered (total), the total
concentration was used for further calculations. For
substances that were only measured in dissolved form, the
dissolved concentration was taken.

Occurrence of PMT/vPvM substances in urban stormwater

Of the REACH-registered 340 PMT/vVPVM substances, 14.4%
(49 in total; 32 PMT/VPvM, 9 PMT, 8 vPvM) were detected
at least in one study in stormwater above the limit of
quantification, underscoring that stormwater can be an
overlooked pathway of PMT/vPvM substances (Fig. 1).
PMT/vPVYM substances in urban stormwater can originate
from a wide range of sources and often a clear allocation
to one urban source is not possible. We classified the
main urban use of the 49 PMT/vPvM substances found in
urban stormwater based on their reported usages
(Fig. 1A). We differentiated the PMT/vPvM substance uses
into i) 4.1% corrosion inhibitors such as 1H-benzotriazole,
ii) 10.2% polymer or rubber additives, plasticizers, flame

retardants  (polymer/rubber additives) such as tris(2-
chloroethyl) phosphate or 1,3-diphenyl guanidine, iii) 4.1%
PAHs such as anthracene, iv) 8.2% PFAS such as

perfluorooctanesulfonic acid (PFOS), v) 10.2% pesticides
including herbicides and biocides such as diuron, vi)
12.2% pharmaceuticals and personal care products (PPCPs)
such as diclofenac; and vii) 51.0% other industrial
substances and chemical intermediates registered under
REACH including solvents, degreasers, and paint removers.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 A. PMT/vPvM substances detected in urban stormwater (total 49) with the corresponding use class. B. Emission likelihood of the 49 PMT/
vPVM substances found in urban stormwater compared to the list of 340 PMT/vPvM substances registered under REACH.??

With 51.0% of all PMTs/vPvMs found in urban
stormwater, other industrial substances comprise the
biggest group representing the most diverse uses. An
obvious reason for this is that REACH-registered PMT/
vPYM substances were wused as the comparison to
substances detected in urban stormwater. The REACH list
established for industrial substances, but not
specifically pesticides or PPCPs unless they also have an
additional industrial use.

was

Stormwater contains PMT/vPvM substances with a very high
emission likelihood

The emission index for the REACH-registered PMT/vPvM
substances has been estimated based on tonnage registered
in REACH and the sum of scores of individual use
characteristics'® in combination with monitoring data. A
‘very high’ emission likelihood relates to a high emission
score in combination with detection in raw water, drinking
water, or groundwater. REACH-registered PMT/vPvM
substances with very high emission likelihood to water
resources (red in Fig. 1B) have been detected in urban
stormwater, with 30 of 62 PMT/vPvM substances with high
emission likelihood (48.4%) found in urban stormwater.
Among these 30 PMT/vPvM substances detected in urban
stormwater are the corrosion inhibitor 1H-benzotriazole, the
biocide diuron, the tire leachate chemical 1,3-diphenyl
guanidine, and the PFAS perfluorohexanoic acid for example
reported in ref. 3, 7, 13 and 27-31. Hence, urban stormwater
can be a relevant pathway for PMT/vPvM substances found in
water resources.

This journal is © The Royal Society of Chemistry 2023

3 The risk of PMT/vPvM substances in
stormwater to water resources

Water scarcity in many urban environments has driven
innovation toward the use of alternative water resources such
as urban stormwater to augment water supplies.'”??
Stormwater can be captured and if required treated for non-
potable uses such as toilet flushing, washing, irrigation,
groundwater recharge, or potable use with prior treatment.'®
However, for many PMT/vPvM substances, there is a lack of
concentration data in urban stormwater to assess the risk for
water resources and stormwater harvesting. Summary
concentration statistics based on previously collected
monitoring data® were only possible for 19 of the 49 PMT/
vPvM substances found in stormwater. Fig. 2A shows the
measured median concentrations of these substances
ranging from 0.0002 ug L™ for diclofenac to 0.3 ug L™ for
tris(2-chloro-1-methylethyl) phosphate. A comparison of the
90%-quantile concentration shows that 10 out of 19 PMT/
vPVM substances occur in concentrations higher than 0.1 pg
L', used as precautionary threshold for pesticides in the EU
Drinking Water Directive (EU Regulation 98/83/EC): diuron,
benzophenone, anthracene, 2,4-dichlorophenol, tris(2-chloro-
1-methylethyl)  phosphate,  tris(1,3-dichloro  isopropyl)
phosphate,  4-tert-octylphenol, 1H-benzotriazole,  tris(2-
chloroethyl) phosphate, and acenaphthene. It should be
noted that some of these substances would not be considered
PMT/VPvM substances using the more stringent criteria
developed by the European Commission: anthracene, tris(2-
chloro-1-methylethyl) phosphate, 4-tert-octylphenol, and
acenapthene.*” For some substances, environmental quality

Environ. Sci.. Water Res. Technol., 2023, 9, 3094-3102 | 3097
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Fig. 2 Distributions of PMT/vPvM substances in urban stormwater as violin plot (geom_violin, ggplot, R 2022.07.1). Substances are shown with
orange points (labeled) and scattered on the x-axis for better visibility (geom_scatter, ggplot, R 2022.07.1). Substance abbreviations: TCPP: tris(2-
chloro-1-methylethyl) phosphate, TCEP: tris(2-chloroethyl) phosphate, TDCPP: tris[2-chloro-1-(chloromethyl)ethyl] phosphate, PCE:
tetrachloroethylene, ACP: acenaphthene, PFOS: perfluorooctanesulfonic acid. Concentration data are based on Mutzner et al® A. Median
concentration of 19 PMT/vPvM substances and B. Ratio of 90%-quantile concentrations to environmental quality standards (EQS) for 13 PMT/vPvM

substances. The red dashed line shows a ratio of 1, substances with red font have a ratio bigger than 1.

standards (EQS) are available as threshold criteria for toxicity
in the aquatic environment that would be relevant in the case
of stormwater discharges to surface waters. We found chronic
EQS values for 13 PMT/NPVM substances,® with five
compounds (diuron, anthracene, PFOS, ibuprofen, and 4-tert-
ocytlphenol) having a 90%-quantile concentration higher
than the EQS (Fig. 2B). Thus, there is a clear indication that
urban stormwater contains PMT/VPVM substances at
concentrations  potentially relevant to the aquatic
environment. Most importantly, our analysis demonstrates
the lack of statistically sound concentration data for PMT/
vPvM substances and the unknown risk to human health and
the environment, particularly in the context of stormwater
discharge or the potential widespread use of stormwater to
augment urban water supplies. PMT/vVPVM substances could,
thus, be continuously recycled due to stormwater use,
increasing the exposure to the urban population as emissions
and recycling continue.*”

4 Many PMT/vPvM substances are not
analyzed in urban stormwater

There are no known regular monitoring data for stormwater
for many of the PMT/vPVM substances presented by Arp et al.
(2023)*? that received a high or very high emission likelihood
ranking. In the analyzed studies, 291 of the 340 PMT/vPvM
substances were not reported within our urban stormwater
literature search, indicating an (earlier) analytical gap as well
as a monitoring gap. In total, there are 32 very high emission
and 118 high emission PMT/VPvM substances (Fig. 1B) that

3098 | Environ. Sci.. Water Res. Technol.,, 2023, 9, 3094-3102

have not been detected or monitored based on our
comprehensive list of trace organic contaminants detected in
stormwater. Further effort to expand the number of PMT/
vPVM substances monitored in urban stormwater is therefore
strongly needed.

Stormwater monitoring campaigns should include PMT/
vPvM substances, as several of these problematic substances
could be present. One example of a vPvM substance that is
likely to be present in urban stormwater but not yet screened
for is the ultra-short-chain PFAS trifluoroacetate (TFA).**?*
TFA is most likely present in urban stormwater, as it has
been reported to be ubiquitous in precipitation due to
formation in the atmosphere from diverse PFAS
precursors.”>® Thus, urban stormwater is expected to be a
relevant input pathway of TFA into the aquatic environment.
Another example of a potentially relevant substance in urban

stormwater is melamine. Melamine is a transformation
product of hexamethoxymethylmelamine (HMMM, a tire
rubber  constituent) found frequently in  urban
stormwater, %%

5 Future challenges and needs

Lack of knowledge on the occurrence of PMT/vPvM
substances in urban stormwater

There is a lack of data on trace organic contaminants in
stormwater, especially information on PMT/vPvM substances
is very scarce. To date, 14.4% of PMT/VPVvM substances
registered under REACH were measured in urban
stormwater, but many more are likely present. It is uncertain

This journal is © The Royal Society of Chemistry 2023
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how many PMT/VPVM substances can occur and at which
frequency and concentration levels due to monitoring and
analytical gaps, as well as inconsistent data reporting.®'®*?
More data on precursors are needed, particularly in urban
areas discharging or recycling stormwater. This will allow
prioritization and ranking of PMT/VPYM substances to
facilitate monitoring efforts.

Risks related to PMT/vPvM substances in urban stormwater
are largely unknown

Our analysis shows that PMT/vVPvM substances in urban
stormwater may pose a potential risk to human health and
the For 19 PMT/NPvM  substances,
concentrations were available; 10 of these compounds were
found in stormwater at concentrations greater than 0.1 pg
L', But detection does not equate with risk. For example, five
PMT/VPVM occurred in concentrations above the respective
threshold EQS values for aquatic organisms. Highly mobile
substances have often been ignored in (eco)toxicological
studies, as they tend to not be bioaccumulative, but may be
present in water supplies over long periods.*" Therefore,
toxicity studies considering long-term water exposure of non-
bioaccumulative substances, such as short-chain PFAS, are
only just emerging. Collectively, such studies suggest that
risks are unknown or largely underestimated.*>** The
diversity of PMT/vPvM substances should also be addressed,
as exposure to chemical mixtures is potentially more harmful
than single PMT/vPvM substances.**™*°

environment.

Other PMT/vPvM substances and transformation products

This study considered a list of PMT/VPVM substances
registered for industrial uses under REACH;>* however, this
is only a partial list of PMT/vPvM substances on the global
market, as non-industrial substances can also be PMT/vPvM
substances, including pharmaceuticals,”” biocides, and
pesticides.>® Another important source is transformation
products. Though transformation products of substances are
not necessarily more persistent than their precursors, they
tend to be more mobile.”® Substances that contain a
persistent moiety can form PMT/vPvM substances in the
environment, such as the above example with
hexamethoxymethylmelamine, as well as substances with
short, perfluoroalkyl side chains that form short-chain PFAS
including trifluoroacetic acid.*> However, research on the
emergence of PMT/VPvM transformation products is only in
its infancy.

Inorganic persistent and mobile substances

Although the PMT/VPVYM criteria mainly refer to organic
substances, inorganic salts used as ionic liquids have recently
been detected more frequently, such as tetrafluoroborate and
hexafluorophosphate, which are resistant to removal in
advanced water treatment processes.”” These may be
considered out-of-scope in relation to the PMT/vPvM hazard

This journal is © The Royal Society of Chemistry 2023
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criteria in the CLP regulation®' because they are inorganic;
however, these may nevertheless impact urban water reuse.

Low removal of PMT/vPvM substances in conventional
stormwater treatment systems

Special attention should be paid to PMT/vPvM substances as
the removal in common urban stormwater treatment systems
is expected to be low.>>* %> Cost-effective treatment options
that allow for safe urban stormwater capture and use must
be developed given the high spatial variability of stormwater
quality.>" Robust and cost-effective monitoring strategies are
needed to assess the performance of stormwater control
measures such as using indicator PMT/VPVM substances to
facilitate stormwater quality monitoring.

Lack of risk-based regulations for sponge cities and
stormwater harvesting

Urban systems are evolving towards blue-green infrastructure
or stormwater harvesting. In Singapore, stormwater is
collected from two-thirds of Singapore's catchment and piped
through drains, canals, and rivers to large reservoirs for
storage, and is then treated and used for potable water
supply.”> This makes Singapore one of the few countries to
implement stormwater harvesting on a large scale for
drinking water supply. The drinking water quality is
regulated by the Environmental Public Health (Water Suitable
for Drinking, No.2, 2019) with health values set for a list of
trace organic contaminants. More broadly, regulations exist
for the reuse of wastewater, but urban stormwater capture
and use for water supply are largely unregulated, even though
stormwater  harvesting cases have already been
implemented.">> In many cases, regulations recommend the
use of environmental or drinking water standards, but there
are often no specific threshold levels for trace organic
contaminants or PMT/vPvM substances in urban runoff. The
lack of regulations with technical treatment guidelines and
unified water quality criteria for blue-green infrastructure
systems and urban stormwater harvesting results in unknown
risks for human health and the aquatic environment. There
is a need for fit-for-purpose water quality criteria for
stormwater capture for water supply, particularly regarding
the potential accumulation of diverse PMT/vPvM substances
within water-stressed catchments.
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