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Abstract
Emerging contaminants such as pharmaceuticals, illicit drugs and personal care products can be released to the environment in
untreated wastewater/stormwater mixtures following storm events. The frequency and intensity of combined sewer overflows
(CSOs) has increased in some areas due to increasing urbanisation and climate change. Therefore, this review provides an up-to-
date overview on CSOs as an environmental source of emerging contaminants. Other than compounds with high removal, those
chiral species subject to enantioselective changes (i.e. degradation or inversion) during wastewater treatment can be effective
markers of CSO discharge in the environment. A proposed framework for the selection of emerging contaminants as markers of
CSOs is outlined. Studies have demonstrated that CSOs can be the main source of emerging contaminants with high removal
efficiency during wastewater treatment (e.g. > 90%). However, the impact of CSOs on the environment is location specific and
requires decision-making on their appropriate management at catchment level. This process would be aided by further studies on
CSOs which incorporate the monitoring of emerging contaminants and their effects in the environment with those more routinely
monitored pollutants (e.g. pathogens and priority substances). Mitigation and treatment strategies for emerging contaminants in
CSOs are also discussed.
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Introduction

Wastewater-derived emerging contaminants such as over-the-
counter and prescription pharmaceuticals, illicit drugs, person-
al care product ingredients and food-related compounds are
ubiquitous in surface waters globally (Ellis 2006; Zuccato
et al. 2008; Lange et al. 2012; Hughes et al. 2013). More than
200 of these compounds have been found in the environment
with concentrations typically in the ng L−1 to μg L−1 range
(Hughes et al. 2013). In recent years, emerging contaminants
have been subject to extensive research due to their potential
threat to the ecology of receiving environments at these low
concentrations (Petrie et al. 2015). For example, exposure of

Pimephales promelas with the synthetic estrogen 17α-
ethinylestradiol at 5–6 ng L−1 led to the collapse of a fish
population in a Canadian Lake due to the feminisation of male
fish (Kidd et al. 2007). The antidepressant oxazepam has been
found to alter behaviour and feeding rate of Perca fluviatilis at
1.8 μg L−1 exposure concentrations (Brodin et al. 2013).
Furthermore, the presence of antibacterial drugs and their po-
tential to select for resistant bacteria is an emerging concern
(Rizzo et al. 2013). An additional concern is the presence of
emerging contaminants as complex mixtures in the environ-
ment which could result in synergistic effects (Schnell et al.
2009). In laboratory studies, considerable toxicity was ob-
served for a mixture of nonsteroidal anti-inflammatory drugs
(NSAIDs) at the same concentration where little effect was
observed for the compounds individually (Cleuvers 2004).

Currently, in Europe, there is no legislation which governs
the concentration of emerging contaminants in the environ-
ment. However, several were placed on a ‘watch list’ due to
their suspected risk until further evidence is gathered
(European Commission 2012; Carvalho et al. 2015). This in-
cluded the steroid estrogens estrone, 17β-estradiol and 17α-

Responsible editor: Ester Heath

* Bruce Petrie
b.r.petrie@rgu.ac.uk

1 School of Pharmacy and Life Sciences, Robert Gordon University,
Aberdeen AB10 7GJ, UK

https://doi.org/10.1007/s11356-021-14103-1

/ Published online: 29 April 2021

Environmental Science and Pollution Research (2021) 28:32095–32110

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-14103-1&domain=pdf
http://orcid.org/0000-0002-8697-4601
mailto:b.r.petrie@rgu.ac.uk


ethinylestradiol, the NSAID diclofenac, and the macrolide
antibiotics erythromycin, clarithromycin and azithromycin.
Recent proposals have recommended the inclusion of further
antibiotics, antifungals, steroids and antidepressants (Cortes
et al. 2020). Determining environmental risk and development
of legislation requires robust exposure and biological effect
data sets. Monitoring the sources of these emerging contami-
nants is an essential step of the risk assessment process. This is
also necessary for the development of appropriate control
measures to lower their discharge. The main route of entry
of these emerging contaminants to the environment is consid-
ered the release of treated effluents from municipal wastewa-
ter treatment plants (WTPs) (Gros et al. 2007; Kostich et al.
2014; Li 2014). Incomplete removal of emerging contami-
nants is observed during treatment by conventional WTPs as
they were not designed for this purpose. A further notable
source of emerging contaminants which has received compar-
atively less attention is combined sewer overflows (CSOs)
(Phillips et al. 2012; Munro et al. 2019; Botturi et al. 2020;
Brunsch et al. 2020; Mutzner et al. 2020). In such systems,
untreated wastewater can be released directly to the environ-
ment during periods of heavy rainfall.

Therefore, the purpose of this review is to detail the prog-
ress made on understanding the role CSOs play in the dissem-
ination of emerging contaminants in the environment.
Emerging contaminant markers of untreated wastewater dis-
charges, the effect of CSOs to environmental concentrations
of emerging contaminants as well as mitigation and treatment
strategies are discussed.

Combined sewer overflows as a source
of emerging contaminants

Generally, there are two different type of sewer systems used
in Europe. A separate sewer system transports wastewater and
surface run off separately (Fig. 1). Municipal and industrial
wastewater is transported to a WTP for treatment whereas
storm water is transported in a separate pipeline and
discharged into a nearby watercourse, normally following
physical treatment only (i.e., decantation). In a combined sew-
er, a single pipeline transports wastewater and surface runoff
to a WTP (Fig. 1). Combined sewers often have capacity to
deal with flows several fold above average ‘dry weather’ vol-
umes experienced (Munro et al. 2019). However, capacity can
be exceeded during periods of heavy rainfall or snowmelt. In
such instances, a relief mechanism incorporated into the sewer
system known as a CSO allows excess flows to be directed to
a nearby watercourse without treatment (Botturi et al. 2020)
(Fig. 1). Such discharges are essential to avoiding flooding of
households and streets. Furthermore, exceeding the flow ca-
pacity of WTPs can result in damage to pipework as well as
mechanical and electrical components. It should also be noted

that many sewer systems are historical. Therefore, they are
under added pressure from increased precipitation associated
with climate change, paving of urban areas causing increased
stormwater runoff, and new housing developments utilising
the same sewer network (Schertzinger et al. 2019). Such fac-
tors increase the frequency and intensity of CSO discharges
(Abdellatif et al. 2015).

In the UK, there are > 20,000 active consented discharges
from storm overflows or pumping stations in England
(Environment Agency 2020), and Scotland have approximate-
ly 4000 CSOs (Scottish Water 2020). To illustrate the fre-
quency and extent of CSO discharges, there were on average
50-60 CSO discharge events per year (up to 2015) on the
River Thames, UK, which resulted in the annual release of
39 million tonnes of untreated wastewater and stormwater
(DEFRA 2015). Duration of CSO events can vary greatly. A
study of 95 events in Switzerland found they can range from a
fewminutes to 96 h which was caused by snowmelt (median =
43 min) (Mutzner et al. 2020). As CSO discharges contain a
mixture of untreated wastewater and stormwater, it may be
expected that emerging contaminant concentrations are lower
than those in untreated wastewaters during ‘dry weather’ con-
ditions. The content of stormwater in CSOs has been calculat-
ed to range from 69 to 95% in studies conducted in France and
Germany (Gasperi et al. 2012; Launay et al. 2016).

Madoux-Humery et al. (2013) found that median concen-
trations of caffeine, carbamazepine, paracetamol and
theophylline in two CSOs were anywhere from 1.2 to 51.4
times lower than dry weather wastewater. On the other hand,
Del Río et al. (2013) found that during rain events, the con-
centration of emerging contaminants can increase in com-
bined sewers. Mean concentrations of carbamazepine, ibupro-
fen and paracetamol in combined sewer wastewater were 1.3
to 7.9 times greater during wet weather flows than under dry
weather conditions (Del Río et al. 2013). It was postulated that
this was due to their mobilisation through washout of partic-
ulate bound drug from sediments and biofilms in the sewer
system. In a WTP in Stuttgart, Germany, it has been estimated
that 10 to 65% of carbamazepine emissions during CSO
events are attributed to this (Launay et al. 2016). Desorption
of particulate bound pharmaceuticals has been demonstrated
in laboratory studies simulating the addition of stormwaters to
wastewaters (Hajj-Mohamad et al. 2017). Increased aqueous
phase concentrations were observed despite dilution with
stormwater.

In general, there is a lack of data for emerging contaminants
in CSO discharges (Table 1). The interpretation of such data
needs care due to the dynamic nature of CSO discharges and
the number of factors (e.g., level of dilution) which influence
emerging contaminant concentrations. At a WTP in Stuttgart,
Germany, the variability of the mean emerging contaminant
concentration across seven CSO events was about one order
of magnitude (Launay et al. 2016). Nevertheless, the data
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reveals that CSO discharges are a source of emerging contam-
inants and they can be present at notable concentrations (e.g.,
> 1000 ng L−1) (Table 1). Kay et al. (2017) reported the con-
centrations of five emerging contaminants (diclofenac, eryth-
romycin, ibuprofen, mefenamic acid and propranolol) in 14
different CSO samples collected in Northern England, UK.
The concentrations reported were similar to those of WTP
effluents and receiving waters except for the NSAID ibupro-
fen. Ibuprofen concentrations in CSO samples were an order
of magnitude greater than WTP effluents, with a maximum
concentration of 14,231 ng L−1 observed (Kay et al. 2017). A
higher ibuprofen concentration in CSO discharges compared
to treated effluents is likely to be a result of ibuprofen’s high
removal efficiency (≥ 90%) during wastewater treatment
(Buser et al. 1999; Petrie et al. 2016; Archer et al. 2017).
Similarly, other emerging contaminants with high WTP re-
moval efficiencies including steroid estrogens were found at
concentrations in CSOs up to 10 times greater than treated
effluents (Phillips et al. 2012).

Other than reporting concentrations in CSOs, only a few
studies have measured the released load (e.g. g day−1) of
emerging contaminants in CSOs compared to treated efflu-
ents. Measuring load is a useful way of quantifying the con-
tribution of CSOs as a source of emerging contaminants. An
excellent study by Phillips et al. (2012) at a WTP in Vermont,
USA, sampled influent and effluent wastewater as well as
CSO discharges over a 13-month period. During this period,
CSOs represented 10% of wastewater discharges. However,
they accounted for 40–90% of released emerging contaminant
loads with > 90% WTP removal (Phillips et al. 2012)
(Table 2). Weyrauch et al. (2010) estimated that annual loads
of compounds in the River Spree, Germany, with WTP

removal efficiencies > 95% were predominantly from CSO
discharges over treated effluent discharges. A study in the
Maozhou River watershed, China reported that CSOs account
for 97% of parabens discharged into the environment during
rainfall events (Zhao et al. 2021).

A challenge ofmonitoring emerging contaminants in CSOs
is the accessibility of suitable sampling locations and the in-
termittent nature of CSOs. Studies have adopted grab sam-
pling (Khan et al. 2014; Ryu et al. 2014; Madoux-Humery
et al. 2013; Kay et al. 2017) or composite sampling in a vol-
ume (Launay et al. 2016) or flow-proportional manner
(Phillips et al. 2012) to measure emerging contaminants in
CSOs. Automated samplers are advantageous in that they
can be triggered to collect grab or composite samples during
storm events. Flow proportional composite sampling is rec-
ommended for monitoring wastewater streams which are dy-
namic in nature to obtain representative information (Ort et al.
2010). However, an alternative approach has proposed the use
of passive samplers deployed in the sewer overflow system.
They can be deployed in the CSO pipeline and become sub-
merged during a storm event (< 36 h). Once collected, they
can be used to estimate time-weighted average concentrations
of emerging contaminants (Mutzner et al. 2019). Passive sam-
plers are often not preferred for quantitative determinations in
such instances due to uncertainties in determined analyte con-
centrations, particularly under variable flow conditions.
Mutzner et al. (2020) used passive samplers tomonitor emerg-
ing contaminants at 20 CSOs in Switzerland. At 19 CSOs, the
concentration of diclofenac exceeded its (chronic) environ-
mental quality standard (EQS). In several sites, the EQS was
exceeded by more than an order of magnitude and would rely
on dilution within the environment to not exceed the EQS

WTP

WTP

WTP

WTP

(a)

(b)

(a)

(b)
CSO

Fig. 1 Separate sewer systems (a) and combined sewer systems (b) under ‘dry’weather (left) and wet weather conditions (right). Key:WTP, wastewater
treatment plant; CSO, combined sewer overflow
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(Mutzner et al. 2020). Chèvre et al. (2013) also noted that the
contribution of CSOs alone can result in predicted-no-effect-

concentrations of some compounds to be exceeded in the
environment.

Table 1 Concentration of
emerging contaminants in
combined sewer overflows

Emerging
contaminant

Family/use Monitoring strategy Mean
concentration
(ng L−1)

Ref.

Diclofenac NSAID Grab samples of five CSOs collected during
intensive rainfall. Number of replicates
range from one to seven (14 samples in
total). Samples collected from Aire and
Calder catchments, Yorkshire, UK

74–388 A
Erythromycin Antibiotic < 5–1603

Ibuprofen NSAID 76–2734

Mefenamic acid NSAID < 5–19

Propranolol Beta-blocker < 5–11

Ibuprofen NSAID Single grab sample of sewage overflow.
Sample collected from Cooks River
catchment, Sydney, Australia.

244 B
Naproxen NSAID 25

Caffeine Stimulant Grab samples collected by automated sampler
during CSO events at two locations. Eight
and two CSO events captured (125 and 10
samples collected, respectively). Samples
collected from sewer of Greater Montreal
Area, Canada.

270 and 3248 C
Carbamazepine Antiepilepsy 184 and 4

Paracetamol Analgesic 3591

Theophylline Stimulant 2381 and 57

Acesulfame Sweetener Volume-proportional samples collected
during CSO events at one location (seven
CSO events captured – 25 samples col-
lected in total). Samples collected from
WTP South-West of Stuttgart, Germany.

2965 D
Atenolol Beta-blocker 41

Bezafibrate Lipid-regulator 90

Caffeine Stimulant 9030

Carbamazepine Antiepilepsy 84

Diatrizoate Contrast agent 19

Diclofenac NSAID 157

Galaxolide Musk 184

Ibuprofen NSAID 1239

Iohexol Contrast agent 144

Iomeprol Contrast agent 207

Iopamidol Contrast agent 95

Iopromide Contrast agent 212

Metoprolol Beta-blocker 200

Naproxen NSAID 118

Propranolol Beta-blocker 9

Sulfamethoxazole Antibiotic 23

Sucralose Sweetener 752

Tonalide Musk 31

Triclosan Antibacterial 122

Caffeine Stimulant Grab samples of two CSOs following
24.5 mm of rainfall over 11 hours
following six days without rainfall.
Samples collected from Jung-rang Creek
area, South Korea.

2149 E
Iohexol Contrast agent 1165

Iopamidol Contrast agent 2394

Iopromide Contrast agent 940

Carbamazepine Antiepilepsy Passive samplers deployed at three locations
in Switzerland (10 events captured).

49–170a F
Clarithromycin Antibiotic 54–55a

Diclofenac NSAID 13–860a

Carbamazepine Antiepilepsy Passive samplers deployed at 20 locations in
Switzerland (95 events captured).

250–4800 G
Diclofenac NSAID 78–1000

A, Kay et al. 2017; B, Khan et al. 2014; C,Madoux-Humery et al. 2013; D, Launay et al. 2016; E, Ryu et al. 2014;
F, Mutzner et al. 2019; G, Mutzner et al. 2020 Key: CSO, combined sewer overflows; NA, not applicable;
NSAID, nonsteroidal anti-inflammatory; -, not measured
a Range presented
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Table 2 Multicompound studies aimed at investigating the effect of combined sewer overflows on emerging contaminants in the environment

Location Sampling strategy Target emerging contaminants
for quantitative analysis

Analysis method Findings Ref.

Mode Sites Frequency Separation Detection

River
Thames
estuary,
UK.

Grab 2 Daily on weekdays
over 6-weeks.
Composite influent
and effluent
wastewater samples
also sampled to
identify potential
CSO markers.

Amitriptyline, antipyrine,
bezafibrate,
benzoylecgonine, caffeine,
carbamazepine,
chloramphenicol, clofibric
acid, cocaine,
dextromethorphan,
diazepam, diclofenac,
fluoxetine, furosemide,
ketamine, ketoprofen,
MDMA, mephedrone,
metoprolol, nifedipine,
nimesulide, nortriptyline,
propranolol,
sulfamethoxazole,
sulfamethazine,
sulfaphenazole,
sulfapyridine, temazepam,
tramadol, trimethoprim,
warfarin.

UPLC C18 Orbitrap
HRM-
S

Short-term increase of
caffeine, cocaine
and
benzoylecgonine
concentration
(within an order of
magnitude)
following CSO
events.

A

Aire and
Calder
catchme-
nts, UK.

Grab 7 Monthly over
18-months.
Included sampling
of wastewater
effluents and two
CSO discharges.

Diclofenac, erythromycin,
ibuprofen, mefenamic acid,
propranolol.

HPLC C18 Q-TOF
MS/-
MS

Variability in
concentrations
observed but no
correlation made to
rainfall or CSO
events.

B

Körsch
catchme-
nt,
Germany.

Grab 5 Nine samples collected
during dry weather
and following four
CSO discharges.
Influent wastewater
and CSO discharges
also sampled using
composite samplers.

Acesulfame, atenolol,
bezafibrate, caffeine,
carbamazepine, diatrizoate,
diclofenac, galaxolide,
ibuprofen, iohexol, iomeprol,
iopamidol, iopromide,
metoprolol, naproxen,
propranolol,
sulfamethoxazole, sucralose,
tonalide, triclosan.

HPLC LIT
MS/-
MS

Diclofenac exceeded
its AA-EQS
(100 ng L−1)
downstream of the
CSO discharge (but
upstream of the
WTP effluent
discharge) during
wet weather in 25%
of samples. The
AA-EQS was not
exceeded during dry
weather. Diclofenac
concentrations
downstream of the
CSO and WTP
effluent discharges
were lower during
wet weather.
However, all
samples here
exceeded the
AA-EQS.

C

Jung-rang
creek,
South
Korea.

Grab 5 Once during dry
weather and wet
weather conditions.
Wet weather
samples collected
following 24.5 mm
of rainfall during
11 h after 6 days
without rainfall.

Acesulfame, atenolol,
benzophenone, caffeine,
carbamazepine, diclofenac,
diltiazem, diphenhydramine,
estrone, ibuprofen, iohexol,
iopamidol, iopromide,
gemfibrozil, meprobamate,
naproxen, primidone,
propylparaben, sucralose,
sulfamethoxazole,
triclocarban, triclosan.

UPLC C18 QQQ 34%a lower
cumulative
concentration under
wet weather
conditions.
However,
individual
compound
concentrations not
reported.

D
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Emerging contaminant markers of CSO
discharge

CSO discharges in the environment can be identified by mea-
suring markers of untreated wastewater. Studies have reported
several emerging contaminants including stimulants, analge-
sics, NSAIDs and beta-blockers that can be used for this pur-
pose (Table 3). Typically, these are compounds with consid-
erable differences in concentration between treated and un-
treated wastewater. Therefore, an elevated concentration in
the environment during or following a CSO event would be
expected. Licit stimulants including caffeine, nicotine and co-
tinine are all proposed as markers of untreated wastewater
(Buerge et al. 2006; Benotti and Brownawell 2007; Munro
et al. 2019; Ramage et al. 2019; Poopipattana et al. 2021).
Literature data demonstrates that these compounds are typi-
cally present in untreated wastewaters at > 1000 ng L−1 with >
90% removal during wastewater treatment removal (Table 3).
Buerge et al. (2006) used caffeine and a mass balance ap-
proach to estimate that up to 10% of wastewater discharged
to the catchment of Lake Greifensee, Switzerland, was

untreated. Similarly, paracetamol has been identified as a suit-
able marker of untreated wastewater discharge due to its high
removal during wastewater treatment (Benotti and
Brownawell 2007; Ramage et al. 2019). Munro et al. (2019)
studied multiple emerging contaminants in a WTP in London,
UK, and identified the licit stimulants cocaine and
benzoylecgonine as CSO markers. Both compounds had high
removal (> 98%) during wastewater treatment as well as low
concentration variation in wastewater (Table 3). It should be
noted that this may not be the case at other locations due to
their recreational use and temporal variability in wastewater
concentration (Baker and Kasprzyk-Hordern 2013).

Other than removal efficiency, several studies report the
change in enantiomeric composition of chiral emerging con-
taminants during wastewater treatment as a means of
distinguishing between treated and untreated wastewater dis-
charges (Fono and Sedlak 2005; Khan et al. 2014; Ramage
et al. 2019). Chiral compounds have one or more stereogenic
centre in their structure. A stereogenic centre is typically an
atom with all bonded substituents being different.
Enantiomers of a chiral compound have different spatial

Table 2 (continued)

Location Sampling strategy Target emerging contaminants
for quantitative analysis

Analysis method Findings Ref.

Mode Sites Frequency Separation Detection

WTP,
Burlingt-
on, US.

24h
flow--
weighted
composites

3 Influent (n = 18) and
effluent (n = 22),
and CSOs (n = 10)
sampled over 13
months.

3β-coprostanol,
11-ketotestosterone,
17β-estradiol, β-sitosterol,
androstenedione,
benzophenone, bisphenol-A,
caffeine, cholesterol,
cis-androsterone,
dihydrotestosterone,
epi-testosterone, estriol,
estrone, galaxolide,
testosterone,
tri(2-butoxyethyl)phosphate,
triclosan.

GC low
polarity
proprie-
tary
phase

QQQ CSO represent 10% of
wastewater
discharges but
account for 40-90%
of released loads of
emerging
contaminant with >
90% WTP removal.

E

Jamaica
Bay, US.

Grab 24 Maximum of three
times during dry
weather conditions.
Seven further
samples collected
from various
locations following
storm.

Antipyrine, caffeine,
carbamazepine, cimetidine,
codeine, cotinine, diltiazem,
fenofibrate, fluoxetine,
hydrocodone, ketoprofen,
metformin, nicotine,
nifedipine, paracetamol,
paraxanthine, ranitidine,
salbutamol,
sulfamethoxazole,
trimethoprim, warfarin.

HPLC C18 Q-TOF
MS/-
MS

Following the storm
event,
concentrations of
nicotine and
paracetamol were
similar or greater
than dry weather
concentrations.

F

A, Munro et al. 2019; B, Kay et al. 2017; C, Launay et al. 2016; D, Ryu et al. 2014; E, Phillips et al. 2012; F, Benotti and Brownawell 2007

Key: CSO, combined sewer overflows; HPLC, high performance liquid chromatography; HRMS, LITMS/MS, linear ion trap mass spectrometer; high-
resolution mass spectrometry; MDMA, 3,4-methylenedioxymethamphetamine; QQQ, triple-quadrupole mass spectrometer; Q-TOF MS/MS, quadru-
pole-time of flight mass spectrometer; UPLC, ultra-performance liquid chromatography
a Cummulative concentration includes several pesticides and flame retardant
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arrangement of atoms around the stereogenic centre but the
same chemical structure (Sanganyado et al. 2017). Therefore,
enantiomers have identical physicochemical properties, but
due to difference in their three-dimensional shape, behave
differently in chiral environments. This results in
enantiospecific differences in their metabolism within the
body and behaviour during wastewater treatment (Kasprzyk-
Hordern 2010). Typically, enantiomeric fraction (EF) is used
to describe their enantiomeric composition:

EF ¼ þð Þ
þð Þ þ −ð Þ½ � ð1Þ

Here (+) is the concentration of the (+)-enantiomer and (-)
is the concentration of the (−)-enantiomer. Enantiomers are
assigned (+) or (−) depending on the direction they rotate
polarised light ((+) is in clockwise direction and (−) is in
counterclockwise direction). Therefore, using this approach,
an EF value of 0.5 represents a racemic composition (equal
concentration of both enantiomers), whereas an EF vale of 0.0
or 1.0 signifies the presence of one enantiomer only.
Approximately half of all drugs are chiral (Kasprzyk-
Hordern 2010); therefore, determining their enantiomeric
composition in wastewater matrices (as well as receiving wa-
ters) can then be used to identify CSO discharges in the
environment.

Fono and Sedlak (2005) found that the enantiomeric com-
position of the beta-blocking drug propranolol could be used
to identify untreated wastewater discharges (Table 3). The EF
value of propranolol in untreated wastewater from five differ-
entWTPs in California and NewYork, USA, was 0.50 ± 0.02.
Following biological wastewater treatment, the EF value was
reduced to ≤ 0.42 (Fono and Sedlak 2005). The change in EF
value of propranolol during wastewater treatment is consid-
ered a result of enantioselective degradation (Ribeiro et al.
2013), whereby one enantiomer is degraded at a faster rate
than the other. In surface waters with known or suspected
untreated wastewater discharges the EF value was ~ 0.50,
whereas surface waters with predominantly treated effluent
discharges had EF values similar to effluent (Fono and
Sedlak 2005).

Similarly, Khan et al. (2014) proposed the use of the
NSAIDs naproxen and ibuprofen as markers of untreated
wastewater discharges. Both drugs were subject to con-
siderable changes in enantiomeric composition during bi-
ological wastewater treatment (Table 3). The EF value of
naproxen and ibuprofen in wastewater overflows was >
0.96 and 0.73, respectively. In treated effluents, the EF
value of naproxen was reduced to 0.65–0.92 and ibupro-
fen to 0.50 (Khan et al. 2014). Naproxen is dispensed in
medications as the single enantiomer form S(+)-naproxen.
However, both naproxen and ibuprofen are unlike most
other pharmaceuticals in that they can undergo chiral

inversion whereby one enantiomer can convert into its
antipode (Wsól et al. 2004). This explains the presence
of R(-)-naproxen in treated effluent and the considerable
change to EF values observed.

Ramage et al. (2019) found the stimulant amphetamine to
be present in surface water at a site of suspected untreated
wastewater discharge in North-East Scotland, UK. The EF
value was 0.43 which is typical for untreated wastewaters in
the UK (Castrignanò et al. 2016, 2018). Amphetamine is
considered readily degradable with degradation favouring
S(+)-amphetamine (Bagnall et al. 2013). In treated effluents,
amphetamine is often not detected, or where it is present, the
EF value is < 0.30 due to enantioselective degradation
(Table 3). Many other drugs are subject to considerable
enantioselective changes during wastewater treatment such
as 3,4-methylenedioxymethamphetamine (Kasprzyk-
Hordern and Baker 2012; Evans et al. 2016), atenolol
(Kasprzyk-Hordern and Baker 2012) and fluoxetine
(Andrés-Costa et al. 2017) which could alsomake them suit-
able markers of CSO discharges. Understanding the
enantiospecific behaviour of chiral analytes in the environ-
ment also needs considered as changes can occur here
(Bagnall et al. 2013).

Outlined is a proposed framework to help identify chiral
and achiral emerging contaminants that may be suitable
markers of CSO discharge (Fig. 2). The use of this framework
requires care and site-specific data needs used. For example,
the enantiomeric behaviour of drugs can vary between loca-
tions (and WTPs). López-Serna et al. (2013) found little
change in EF of propranolol during wastewater treatment
which is different to the observations of Fono and Sedlak
(2005) (Table 3). Emerging contaminant removal during
wastewater treatment can also vary between WTPs. To dem-
onstrate, Kasprzyk-Hordern et al. (2009) reported removals of
cocaine and benzoylecgonine ranging from little or no remov-
al to ≥ 98% (Table 3).

Effect of combined sewer overflows
to emerging contaminants concentrations
in the environment

CSO discharges can influence emerging contaminant concen-
trations in the environment considering the differences ob-
served for some compounds between CSO and effluent dis-
charges (Benotti and Brownawell 2007; Munro et al. 2019).
This can have biological significance for exposed organisms.
CSO events could lead to acute exposure to elevated emerging
contaminant concentrations. Alternatively, they can maintain
dry weather concentrations relevant for chronic exposure,
whereby increased dilution of WTP effluent is compensated
for by CSO discharges (Benotti and Brownawell 2007).
Several studies have attempted to investigate the effect of
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CSOs on environmental concentrations of wastewater derived
emerging contaminants (Table 2). These multi-compound
studies use grab sampling to capture changes to emerging
contaminant concentrations. Sampling frequency varies from
daily (Munro et al. 2019) to monthly (Kay et al. 2017), or
targeted following CSO events or rainfall which are then then
compared to dry weather samples (Benotti and Brownawell
2007; Ryu et al. 2014; Launay et al. 2016).

Munro et al. (2019) studied 31 emerging contaminants at
two locations in the tidal region of the River Thames. Daily
samples were collected during workdays for six weeks
(Table 2). During this time, six CSO events took place which
discharged untreated wastewaters and storm waters. Elevated
concentrations of cocaine, benzoylecgonine and caffeine were
noted on two occasions (see 24th Nov and 12th Dec; Fig. 3).
These concentrations were within an order of magnitude of
those concentrations determined when CSO events did not
take place (Munro et al. 2019). There are several reasons
why elevated concentrations were not observed following oth-
er CSO events. This could be due to the scale of the CSO
discharge or the discharge event/sample collection occurring
at the top of the tidal phase. Both of which can result in ade-
quate dilution such that there is no significant effect on con-
centration. Poopipattana et al. (2021) sampled the Tokyo
Estuary, Japan, for five emerging contaminants (caffeine, the-
ophylline, paracetamol, carbamazepine and crotamiton) fol-
lowing heavy rainfall. Increased concentrations in the estuary,
compared with dry weather conditions, were observed for
caffeine, theophylline and paracetamol, attributed to their high
removal during wastewater treatment.

Benotti and Brownawell (2007) investigated the effect of
CSO discharges to 21 emerging contaminants in Jamaica Bay
Estuary, USA. Samples were collected from 24 different lo-
cations, albeit at lower frequency, with sampling focused at
times following CSO events. The concentration for most com-
pounds reduced following CSO discharges due to greater

dilution in the estuary caused by rainfall. However, concen-
trations of nicotine and paracetamol either maintained their
dry weather concentration or increased in concentration fol-
lowing CSO discharges (Benotti and Brownawell, 2007).
Nevertheless, assessing the effect of CSO discharges to
emerging contaminant concentrations in estuarine waters is
challenging as the tidal phase adds further complexity to the
interpretation of data.

Several studies have investigated the possible effects of
CSO discharges to emerging contaminants in rivers upstream
of tidal waters (Ryu et al. 2014; Launay et al. 2016; Kay et al.
2017). Kay et al. (2017) investigated five emerging contami-
nants in the Aire and Calder catchments, UK, over 18 months.
Samples were collected monthly and although variability in
concentration was observed, no correlation to rainfall or CSO
discharges was reported. Ryu et al. (2014) assessed the influ-
ence of a CSO discharge event to emerging contaminant con-
centrations in the Jung-rang Creek, South Korea (Table 2). A
total of 29 compounds were studied with cumulative concen-
trations (sum of all compounds) in surface water reducing by
34% following the CSO event (Ryu et al. 2014). However, it
is difficult to draw conclusions as only a single grab sample
per sampling site was collected during dry weather conditions,
and one under wet weather conditions following the CSO
event.

Launay et al. (2016) investigated the effect of CSO dis-
charges to emerging contaminant concentrations in the
Körsch catchment, Germany. Surface waters were sampled
during dry weather conditions to obtain baseline information
and following wet weather to assess the impact of CSO dis-
charges. Specifically, diclofenac concentrations were com-
pared to its proposed annual average environmental quality
standard (AA-EQS) of 100 ng L−1 (European Commission
2012). The AA-EQS was exceeded downstream of the CSO
discharge (which is upstream of the WTP effluent discharge)
during wet weather in 25% of samples (n = 4) (Table 2).

Measurable concentra�on and low 
variability in liquid phase of wastewater?

High removal efficiency (>90 %) 
during wastewater treatment?

Unsuitable CSO marker

Yes No

Yes (achiral) No (chiral)

Suitable CSO marker Change in EF during 
wastewater treatment?

Ideal CSO marker

Yes
No

No (achiral)

NoYes (chiral)

Yes

Fig. 2 Proposed framework for
the selection of emerging
contaminants as markers of
combined sewer overflows. Key:
EF, enantiomeric fraction; CSO,
combined sewer overflow
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Although this only represents a single sample (concentration =
280 ng L−1), the AA-EQS was not exceeded here during dry
weather (n = 9). Diclofenac concentrations downstream of the
WTP effluent discharge were lower during wet weather.
Nevertheless, all samples downstream of the WTP effluent
discharge under both dry and wet weather conditions
exceeded the AA-EQS (Launay et al. 2016).

Mitigation and treatment strategies
for emerging contaminants in combined
sewer overflows

Mitigation and treatment strategies can be implemented to
reduce the contribution of CSOs to emerging contaminants
found in the environment. This is particularly important where
the contribution of CSOs alone can exceed emerging contam-
inant toxicity thresholds. The replacement of existing com-
bined sewers with separate sewer systems can improve river
water quality (e.g., see Fig. 1) but is often cost prohibitive and
difficult to achieve in high-density locations. Ideally, other

mitigation strategies can be adopted which avoid the need
for end-of-pipe technologies. External storage of stormwater
prior to entering combined sewers during high flows can re-
duce CSOs. However, available space at suitable locations
within the catchment can be limited. Sustainable urban drain-
age systems (SuDS) can also be used to help reduce the vol-
ume of stormwater entering combined sewers. SuDS tech-
niques include bioretention cells, permeable pavements, rain
barrels and green roofs (Joshi et al. 2021). Joshi et al. (2021)
modelled the impact of these four SuDs techniques to CSOs in
the Fehraltorf catchment, Switzerland. This is a moderately
sized catchment in which 82 ha is connected to a combined
sewer and the WTP has a treatment capacity of 180 L s-1.
Findings revealed that such approaches could reduce CSO
volumes in this catchment by 50 to 99 % under a range of
scenarios (Joshi et al. 2021).

A considerable reduction in CSOs can be achieved by real-
time monitoring of sewer flows and making use of existing
pipeline capacity. For example, Carbone et al. (2014) pro-
posed the use of ‘smart’ gates that adjust themselves during
storm events to optimise upstream sewer capacity. Several

Fig. 3 Occurrence of cocaine,
benzoylecgonine and caffeine in
the River Thames during
November–December 2014. Bars
represent mean concentration
from two replicates and whiskers
represent the maximum
concentration measured. Key: +,
storm water and untreated
wastewater were combined and
released directly into river; *,
storm water and treated
wastewater were combined and
released into environment
(reproduced from Munro et al.
2019)
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researchers have developed predictive models to minimise
CSO discharges (Zhao et al. 2019; Snodgrass et al. 2018;
Rathnayake and Faisal Anwar 2019). Troutman et al. (2020)
proposed a load-balancing algorithm to control storage assets
within the catchment to improve flow dynamics at the WTP.
This is facilitated with the use of wireless technologies and
autonomous control of gates, valves and pumps within the
sewer network.

Alternatively, treatment strategies are adopted to treat
CSOs before they enter the environment. These can be
nature-based solutions such as constructed wetlands which
can remove emerging contaminants from CSOs (Scheurer
et al. 2015; Tondera et al. 2019). Furthermore, these sys-
tems can provide flood mitigation by reducing the intensity
of peak flows (Rizzo et al. 2018). Vertical flow constructed
wetlands also known as retention soil filters are popular and
consist of a planted media bed which water percolates. Soil
was initially used as the bed media, but sand is now popular
with up to 20% calcium carbonate (broken limestone) to
stabilise pH (Tondera et al. 2019). Such systems are often
planted with the common reed (Phragmites australis)
(Scheurer et al. 2015; Brunsch et al. 2018, 2020).
Biological degradation and sorption of emerging contami-
nants can take place in the media bed (Petrie et al. 2018).
The presence of plants is known to increase emerging con-
taminant removal in constructed wetlands (Matamoros
et al. 2012; Hijosa-Valsero et al. 2016). Plant roots act as
a surface for biofilm growth; they pump and release oxy-
gen, insulate against low temperatures and improve reten-
tion of solid particles (Tanner 2001; Kyambadde et al.
2004). Plants can also take up and metabolise emerging
contaminants (He et al. 2017; Petrie et al. 2018).

Scheurer et al. (2015) investigated the removal of sev-
eral emerging contaminants in a full-scale retention soil
filter treating CSO discharges. The soil bed was planted
with P. australis and received intermittent CSO dis-
charges (average of 40–60 events per year). Removal ef-
ficiencies were greatest for those readily biodegradable
contaminants paracetamol (98%) and ibuprofen (94%)
(Scheurer et al. 2015). The removal observed for most
compounds were comparable to removal in the activated
sludge WTP which treats the entire wastewater flow dur-
ing dry weather. However, several compounds were re-
moved to a greater extent by the retention soil filter. In
particular, the average removal of diclofenac was 87%
whereas only 14% was removed by activated sludge treat-
ment (Scheurer et al. 2015). However, longer term studies
indicate a loss of capacity to remove emerging contami-
nants. For example, Tondera et al. (2019) reported
diclofenac removals of 67 % in a retention soil filter
which was operated for seven years. This reduced to
34% after 10 years of operation which the authors suggest
a replacement of bed media may be required once

performance begins to reduce (Tondera et al. 2019). A
temperature dependency has also been observed whereby
removal efficiencies of bisphenol-A during winter were
53% and during summer were 90% (Tondera et al.
2019). Pilot-scale studies revealed that the dry period be-
tween CSO events did not have an impact to removal
efficiency of bisphenol-A, carbamazepine, diclofenac,
metoprolol, and sulfamethoxazole (Ruppelt et al. 2020).
However, it should be noted that no removal of carbamaz-
epine and sulfamethoxazole was observed by retention
soil filters. The recalcitrance of carbamazepine in the en-
vironment and during biological wastewater treatment is
well established (Zhang et al. 2008).

It is also possible to make use of CSO treatment
methods to polish WTP effluents during dry weather (act-
ing as a tertiary treatment for WTP effluent). Such an
approach makes continual use of WTP infrastructure and
reduces the release of emerging contaminants from two
emission pathways. Brunsch et al. (2020) utilised a
pilot-scale soil retention filter to assess the effectiveness
of such an approach. Removals of several emerging con-
taminants were > 50% from CSOs and WTP effluent, with
caffeine and metformin reaching > 99% from CSOs
(Brunsch et al. 2020). It was noted that following CSO
treatment compounds sorbed to filter material or present
in pore water within the soil retention filter were washed
out by WTP effluent. However, this could be counteracted
by an 18 h dry period between treating CSOs and WTP
effluents (Brunsch et al. 2020).

A further option for the treatment of emerging contami-
nants in CSOs is by technological compact treatments
(Botturi et al. 2020). For example, Botturi et al. (2020) de-
scribe the installation of a pilot scale modular system adopting
rotating belt filtration, granular activated carbon (GAC) filtra-
tion and UV disinfection. Although such processes have been
studied for the removal of emerging contaminants previously
(e.g. see Grover et al. 2011; Yang et al. 2014), studies on their
application for emerging contaminants in CSOs is currently
lacking. Both high water volumes for treatment and high
solids loading are likely to influence their feasibility.
Advanced treatment processes are often applied to treated
effluents which have low solids loading. Therefore, the
removal of suspended particulates prior to adsorption or
chemical treatment of CSOs is needed. The belt filtration
processes utilised by Botturi et al. (2020) sieves CSOs through
a 350 μm mesh prior to GAC and UV treatment. In another
study, Jung et al. (2015) investigated the adsorption of
naproxen and paracetamol to activated biochar under synthet-
ically prepared CSO wastewater. The removals achieved for
naproxen and paracetamol were 98% and 94% (Jung et al.
2015). Although these results are promising, further work is
needed to establish the use and feasibility of such treatment at
a suitable scale for CSOs.
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Conclusion

Investigating the contribution of CSOs to wastewater-derived
emerging contaminants found in the environment poses sev-
eral challenges. This review demonstrates that significant
progress has been made in this research area. Nevertheless,
further research is now needed to further our understanding of
CSOs and their impact. Due to the impact of CSOs on the
environment being catchment-specific, studies on emerging
contaminants are needed under a range of conditions. This
demands a more systematic monitoring strategy from selec-
tion of the sampling locations to the choice of analytes to
measure. Monitoring CSOs themselves is needed to apportion
their contribution to released loads of emerging contaminants
to the environment. The selection of effective emerging con-
taminant markers of CSO discharges is essential. Findings
from such studies will then enable appropriate decision mak-
ing at catchment level on the need for any mitigation and
treatment strategies.
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