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Sewage effluents are widely recognised as the main source of emerging contaminants, such as endocrine
disrupting chemicals (EDCs) and pharmaceuticals in surface waters. A full-scale granular activated car-
bon (GAC) plant has been installed as an advanced technology for the removal of these contaminants,
in a major sewage treatment works (STW) in South-West England as part of the UK National Demon-
stration Programme for EDCs. This study presented for the first time, an assessment of the impact
of a recently commissioned, post-tertiary GAC plant in the removal of emerging contaminants in a
working STW. Through regular sampling followed by solid-phase extraction and analysis by liquid
chromatography-tandem mass spectrometry (LC-MS/MS), a significant reduction in the concentrations
of steroidal estrogens was observed (>43-64%). In addition, significant reductions were observed for
many of the pharmaceutical compounds such as mebeverine (84-99%), although the reduction was less
dramatic for some of the more widely used pharmaceuticals analysed, including carbamazepine and
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propranolol (17-23%).
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1. Introduction

Research on water pollution from emerging contaminants such
as endocrine disrupting chemicals (EDCs), pharmaceuticals and
personal care products (PPCPs) is one of the important aspects of
current environmental research due to their potential toxic effects
on wildlife and humans [1-3]. EDCs are of global concern and
broadly defined as chemicals that may interfere with the function
of the endocrine systems in wildlife and humans. Endocrine disrup-
tion has been shown to reduce fish fertility, to be linked to human
cancers and may also affect human fertility [4]. A wide range of
compounds has been found to possess, or are suspected of possess-
ing, endocrine disrupting properties. Many pharmaceuticals and
EDCs are classified as priority substances in the EU Water Frame-
work Directive (2000/60/EC). Due to their potency, the steroidal
estrogens, such as the natural estrone (E1) and 173-estradiol (E2),
and the synthetic 17a-ethinylestradiol (EE2) are of greatest con-
cern and have been found to exhibit feminising effects on fish
at very low concentrations (e.g. 1ngL-1) [5,6]. PPCPs are also of
widespread concern due to their ubiquity in the aquatic environ-
ment, as a result of their increased use and number, and their
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potential for deleterious effects to wildlife, which to date is largely
unknown [7].

The majority of EDCs and PPCPs are man-made, organic chemi-
cals being introduced to the environment by anthropogenic inputs,
e.g. EE2 is the main component of the oral contraceptive pill,
and carbamazepine and diclofenac are, respectively, used as anti-
epileptic and anti-inflammatory drugs. In addition, EDCs can be
naturally occurring in the environment, e.g. the female hormones
E1 and E2 are both excreted by females and are hence ubiqui-
tous in the aquatic environment. Such compounds may not be
removed by sewage treatment works (STW) and may even be
reactivated through deconjugation during these processes [8-10],
hence prolonging their residence in the aquatic environment.
Steroidal estrogens and some PPCPs have been found to persist
through many sewage treatment processes [8-12], and it is widely
recognised that effluent discharges from STW are the main source
of EDC and PPCPs inputs to the aquatic environment, such as rivers
and streams [8,13-15]. Although the concentrations of steroidal
EDCs are generally low in aquatic systems, concentrations of up to
19.4ng L~ have been detected in surface waters and levels as high
as 5400 ngL~! have been found in some STW effluents [11].

Due to increasing concerns for the implications for fish popula-
tions and human health and the identification of sewage effluents
as the major point source, a research focus in recent years has
been on the identification of suitable technologies which satisfac-
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Table 1
Physicochemical properties of the pharmaceuticals and their analysis conditions.
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Compound Therapeutic class Molecular  log Kow pK; Ionisation ~ RT (min) Collision Precursor  Product ion (m/z)
mass mode energy (eV) ion (m/z)
Propranolol Anti-hypertensive 259 1.2-3.48 9.5 ES+ 9.95 20 260 116 (100%), 183 (56%)
Sulfamethoxazole  Antibiotic 253 0.5 2.00r5.5 ES+ 11.2 15 254 92 (100%), 108 (65%), 156 (16%)
Mebeverine Gastrointestinal 429 8.1 ES+ 12.2 25 430 101 (100%), 135 (3%)
Thioridazine Anti-depressant 370 9.5 ES+ 14.3 25 371 126 (100%), 98 (75%)
Carbamazepine Anti-epileptic 236 2.45 13.9 ES+ 14.8 20 237 194 (100%)
Tamoxifen Anti-cancer 371 6.3 ES+ 16.8 25 372 72 (100%), 208 (1%)
Mecoprop Herbicide 214 ES— 19.7 20 213 141 (100%)
Indomethacine Analgesic/antipyretic 357 427 45 ES+ 22.0 25 358 139 (100%), 141 (20%)
Diclofenac Anti-inflammatory 295 4.5 4.15 ES+ 22.1 30 296 214 (100%)
Meclofenamic acid ~ Anti-inflammatory 295 5.12 4.2 ES+ 241 25 296 243 (100%)
Monensin Growth promoters 692 2.75-3.89 6.65 ES+ 28.7 40 693 676 (100%)

torily remove emerging contaminants, from wastewater. Granular
activated carbon (GAC), albeit expensive, has long been used in
the removal of traditional organic contaminants such as pesticides
[10]. GAC has therefore been proposed as a potential treatment
method to aid in the effective removal of emerging contaminants,
particularly EDCs in wastewater treatment [16], although up to
now the majority of these investigations have been laboratory-
based [17,18]. This study aimed to assess the removal efficacy for
several emerging contaminants by a recently commissioned, post-
tertiary GAC plant, through the regular sampling and analysis of
effluent samples before GAC installation (pre-GAC) and after GAC
installation (post-GAC). The concentrations of the selected steroidal
estrogens and pharmaceutical compounds have also been analysed
at three downstream locations and an upstream location in the
receiving river, and a control site from another local river, over a
3-year period, to allow a full evaluation of the impact of GAC on the
quality of water downstream of sewage effluent discharge.

2. Experimental
2.1. Chemicals and standard solution

All of the solvents used, including methanol and acetonitrile,
were purchased from Rathburn Chemicals Ltd., Walkerburn, UK,
and were of distilled-in-glass grade. Authentic chemical stan-
dards including E1, E2 and EE2, propranolol, sulfamethoxazole,
mebeverine, thioridazine, carbamazepine, tamoxifen, mecoprop,
indomethacine, diclofenac, meclofenamic acid and monensin were
purchased from Sigma, Dorset, UK. The pharmaceutical compounds
were chosen as they represent different therapeutic classes, are
widely used in the UK, and have different physicochemical proper-
ties (Table 1). Deuterated internal standards, E2-d,, E2-d4, EE2-d4
and E1-d4 were also purchased from Sigma, Dorset, UK. Diuron-dg
and '3C-phenacetin were purchased from Cambridge Isotope Lab-
oratories, Andover, USA. All standards were prepared in methanol
and were stored at —18 °C. Formic acid was of HPLC grade. Ultra-
pure water was supplied by a Maxima Unit from USF Elga, Marlow,
UK.

2.2. The STW

The full setup of the STW at Swindon, UK, studied in this work
is shown in Fig. 1a, which serves a population of approximately
155,000. It consists of primary and secondary activated sludge
treatment. Briefly, the raw sewage was passed through screens to
remove or reduce the size of trash and large solids that get into the
sewage system, with the solids collected and scraped off for dis-
posal. The sewage was then further treated in primary settlement
tanks for removing both settleable and floatable solids, a process
that is often aided by the addition of flocculants. To remove bio-
chemical oxygen demand, the wastewater was further treated by

an activated sludge process, which is a well established secondary
treatment process. Finally, the wastewater was further treated in
final settlement tanks before discharge to the River Ray. The organic
content of secondary effluent had been measured, this varying from
1 to 3.3mgL~! for 5-day biochemical oxygen demand (BODs) and
from 11 to 27 mg L~ for chemical oxygen demand (COD).

To improve effluent quality and as part of the high profile
National EDC Demonstration Programme (NDP) of the UK, a GAC
plant (Fig. 1b) was proposed at the STW to extend the existing
conventional treatment line, which has been shown to be ineffi-
cient in the removal of both EDCs and pharmaceutical compounds
[12,19,20]. The NDP had been undertaken by all 10 water compa-
nies in England and Wales and is being coordinated by UK Water
Industry Research. The NDP consists of two phases: the investi-
gation of EDC removal by a wide range of conventional sewage
treatment processes through extensive monitoring at 14 STWs;
and the investigation of advanced treatment processes aimed at
achieving very high standards of EDC removal. The key objective
of the GAC project, supported by the UK Environment Agency,
was to demonstrate the impact of full scale GAC treatment on the
aquatic life of the Ray River which is receiving the treated effluent
from the STW. The construction of the GAC plant began in 2007,
with GAC filling in November 2007. It was fully commissioned in
March 2008. In total, 1900 m3 of GAC supplied from Norit (Glasgow,
UK) was used in this application. The GAC used had the follow-
ing properties: 0.50 g mL~! apparent density, 1.0 mm effective size,
920 mgg~! iodine number.

2.3. Sampling and sample treatment

To ensure good quality assurance, all sampling was conducted
in triplicate. As the source of EDCs and pharmaceuticals to rivers,
effluent samples from the STW were taken seasonally between
April 2006 and November 2008, using pre-cleaned glass bottles
(2.5L) or stainless steel barrels (50 L) with the aid of an automated
pumping system developed by the authors, set to collect samples
at 4-h intervals. Altogether 45 effluent samples were taken. Due
to site restrictions from the water company concerned on health
and safety grounds, influent samples could not have been taken.
It is therefore the limitation of this work that a direct comparison
between influent and effluent samples could not be made.

River samples were collected in triplicate, from the receiving
river Ray, in pre-cleaned Winchester amber-glass bottles (2.5L),
approximately 3.5km upstream and 10m, 1.7km and 8.3 km
downstream of the STW effluent, and at a control site on the
river Ock (due to its high water quality with no sewage inputs),
over the three-year period encompassing periods both before and
after GAC commission (Table 2). These sites were selected as
required by the mathematical model EXAMS (exposure analysis
modelling system) to be used for simulating the concentrations
of EDCs in the catchment. In total, 132 samples of river water
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Fig. 1. The flow chart of: (a) the STW plant and (b) the GAC plant being investigated by this study.

were taken. Once sampled, sodium azide (5mIL-!, 2 M) was added
to all samples as a general biocide to eliminate bacteria and
thus minimise biodegradation during sample storage and pro-
cessing. Samples were refrigerated at 4°C before filtration and
extraction within 1 week of sampling. Samples were processed
following previously published methods [21-24]. Briefly, samples
were filtered under vacuum using pre-ashed glass fibre filters (GF/F,
0.7 wm pore size) from Whatman (Brentford, UK). Filtered sam-
ples (2L) in triplicate were all spiked with the internal standards
(100 ng).

Table 2
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2.4. Solid phase extraction (SPE)

The target compounds were extracted from the filtered water
samples using SPE. The Oasis SPE cartridges (0.2 g HLB) from Waters
(Milford, USA) were conditioned with 5mL of ethyl acetate to
remove residual bonding agents, followed by 10 mL of methanol
which was drawn through the cartridges under a low vacuum
to ensure that the sorbents were soaked in methanol for 5min.
Ultrapure water (3 x 5 mL) was then passed through the cartridges
at 1-2mLmin~!. Water samples were then extracted at approx-

River sampling dates over the 3-year period with mean water properties for each month.

Year GAC status Month pH Temperature (°C) Dissolved oxygen (mgL-1) Conductivity (wScm~')
2006 Pre-GAC April 7.6 15.7 7.2 1024
June 7.5 16.1 7.1 1033
August 7.7 16.6 7.3 1053
October 7.8 17.2 8.0 1058
2007 Pre-GAC April 7.6 14.6 8.6 1063
June 7.8 17.3 6.9 1059
September 7.7 16.8 7.2 1061
2008 Post-GAC May 7.4 16.6 7.1 870
July 7.6 16.1 7.3 874
September 7.3 15.8 7.1 888
November 7.2 16.2 7.7 892
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imately 10mLmin~! as this has been shown to be the optimum
condition for recovering the target compounds from water samples
[22]. The SPE cartridges were subsequently dried under vacuum
and the extracts eluted from the sorbents into 20 mL vials with
10mL of methanol at a flow rate of 1 mLmin~!. The solvent was
then blown down to 100 L under a gentle N, flow and ready for
analysis.

2.5. Sample analyses by LC-MS/MS

The LC separation was conducted with a Waters 2695 HPLC
separations module (Milford, MA, USA) fitted with a Waters Sym-
metry C;g column (2.1 mm x 100 mm, particle size 3.5 wm). The
LC-MS/MS method used here was discussed briefly, by imple-
menting previously developed methods [23,25]. The mobile phase
comprised eluent A (0.1% formic acid in ultrapure water), eluent B
(acetonitrile) and eluent C (methanol) being run at a flow rate of
0.2 mLmin~!. The elution started with 10% of eluent B, followed by
a 25 min gradient to 80% of eluent B and a 3 min gradient to 100% of
eluent B, and then changed to 100% of eluent C within 8 min, held
for 10 min and then returned back to the initial conditions within
4 min. The system re-equilibration time was 10 min and the sample
injection volume was 10 L. The MS/MS analyses were completed
with a Micromass Quattro triple-quadrupole mass spectrometer
equipped with a Z-spray electrospray interface. The analyses for
steroidal estrogens and mecoprop were done in the negative ion
mode; analysis for all of the other pharmaceutical compounds was
performed in positive ion mode. The electrospray source block and
desolvation temperature were 100 and 300 °C, respectively; cap-
illary and cone voltages were 3.0kV and 30V, respectively; argon
collision gas 3.6 x 10~3 mbar; cone nitrogen gas flow and desolva-
tion gas: 25 and 550 Lh~1. The mass spectrometer was operated in
multiple reaction monitoring (MRM) mode with unit mass resolu-
tion on both mass analysers.

3. Results and discussion
3.1. Concentration of EDCs in STW effluent

As the source of inputs for EDCs and PPCPs in the river systems,
the STW effluent was the focus of this research in terms of sampling
and analysis. Initial observations during the filtration of post-GAC
effluent water showed a significant reduction in the amount of
suspended particulate matter in samples. This was subsequently
quantified and a ~10-fold reduction was observed in all effluent
samples (mean pre-GAC of 0.05gL~! compared with a mean post-
GAC of 0.006 gL 1).

From the measurement of EDC concentration in the effluent
samples, it is clear that a significant reduction in the concentra-
tions of E1, E2 and EE2 in effluent samples was observed. Prior to
GAC installation, the measured concentration range for each com-
pound was 0.6-3.1ngL-!, <1.2-5.4ngL"! and <0.4-1.7ngL~! for
E1, E2 and EE2, respectively. After GAC installation, the measured
concentration range for E1 fell to <0.6-2.0ngL-'. Concentrations
of E2 and EE2 were below the method limit of detection (LOD) of
1.2ngL-! and 0.4ngL-!, respectively, in all samples.

The mean concentrations of EDCs in the effluents before and
after GAC are shown in Fig. 2a, where a reduction of 64% for E1,
and at least 43% for E2 and EE2 was observed. When estrogen
concentration was not detected, their respective LOD value was
used in calculating the percentage of removal, hence such calcula-
tions were of a conservative estimate. The results suggest a major
improvement in the removal of EDCs from sewage effluent with
the GAC plant. It is important to note that such reduction esti-
mates of EDC concentrations were based on a comparison of pre-
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Fig. 2. Comparison of the pre- and post-GAC effluent samples for: (a) mean concen-
trations of steroidal estrogens, (b) temporal variability of measured total steroidal
estrogens, and (c) temporal variation of estrogenic activity represented by EEQ. Error
bar =one standard deviation. Symbols ** and * represent P values of <0.01 and <0.05,
respectively.

and post-GAC effluent samples only, rather than a direct compar-
ison of influent and effluent samples in each case. As a result, the
other factors affecting the influent and hence effluent quality, such
as chemical composition of influent during the study period, were
not explicitly considered. Based on available data (e.g. Table 2), the
only significant change in the STW during 2006 and 2008 was the
introduction of GAG, it is therefore reasonable to attribute reduc-
tions in EDC concentrations to the operation of GAC, although the
uncertainty involved in the estimation was acknowledged.

The EDC concentrations changed with time during the 24-h peri-
ods, as shown in Fig. 2b. The total EDC concentrations (E1 + E2 + EE2)
ranged from 3.6ngL-! at 14:00 to 7.1 ngL-! at 22:00, suggesting
increased discharge of estrogenic compounds at the end of a work-
ing day before GAC was installed. Following GAC installation, the
variability of EDC concentrations was less obvious (relative stan-
dard deviation (RSD)=17% for E1, and 0% for both E2 and EE2),
primarily because most of the EDCs had been removed by the
improved GAC technology.
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In assessing the environmental impact of EDCs, often their estro-
genic potency is a key parameter, as different chemicals can cause
biological effects (e.g. fish feminisation) at different concentrations.
To factor this difference in potency into consideration, the so-called
E2 equivalence (EEQ), was calculated as follows [26]:

1
EEQ=CE2+§C51+10CEE2 (1)

where Cg;, Cg1, and Cggy represent the concentrations of E2, E1 and
EE2, respectively.

As shown in Fig. 2c¢, EEQ concentrations varied from 2.2 to
14.6 ngL-! before GAC, with the maximum value being detected
at 14:00 which is primarily due to the highest EE2 concentration
(1.3ngL-1) then. It is expected that there would be a time lag
between the use of EE2 (as the main component of oral contra-
ceptive pills) and the time it was found in sewage effluent, due to
transport and residence in sewerage and sewage systems. Follow-
ing GAC treatment, the EEQ values were reduced to <0.5ngL-1.
Such major reductions are due primarily to the complete removal
of EE2, which contributes most to the EEQ values.

3.2. Concentration of pharmaceuticals in STW effluent

It has been widely reported that the removal of pharma-
ceuticals during conventional sewage treatment is incomplete,
sometimes as low as close to zero [13,27,28]. Of the 11 pharma-
ceutical compounds analysed, only five (propranolol, mebeverine,
carbamazepine, indomethacine and diclofenac) were detected in
pre-GAC effluent samples, and only three (propranolol, mebever-
ine, carbamazepine) were detected in post-GAC effluent samples.
The concentrations of pharmaceuticals varied from 7.6 ngL-! for
indomethacine, to 79.7ngL~! carbamazepine, in pre-GAC efflu-
ents. In a study of three STWs in Ohio, USA, Spongberg and Witter
[29] detected 34-111 ngL-! of carbamazepine in sewage effluents,
which is comparable to the pre-GAC concentrations found in this
study. In addition, the concentrations of carbamazepine in the efflu-
ent samples are significantly lower than those found elsewhere,
with Kasprzyk-Hordern et al. [28] reporting concentrations up to
3117 ngL-1 in the effluent of a STW in Cilfynydd, Wales and Zhou
et al. [12] detecting 233-1061ngL-! in the effluent of a STW in
West Sussex, UK. For other pharmaceutical compounds, pre-GAC
concentrations are broadly comparable to other studies, albeit at
the lower-end of reported concentrations, such as 6-35ngL-! for
indomethacine [12,30].

The pharmaceutical concentrations were substantially reduced
in post-GAC effluents, varying from <LOD for indomethacine and
diclofenac to 47.6-58.4ngL~! for carbamazepine. On average, the
additional removal of pharmaceuticals by GAC was between 17% for
propranolol to >98% for indomethacine (Fig. 3a). These reductions
are broadly comparable to results derived from laboratory testing
using activated carbon [16].

The concentrations of pharmaceuticals also varied diurnally,
as shown during the 24-h sampling (Fig. 3b). Mebeverine varied
from 33.39 to 41.5ngL~! in pre-GAC effluents and 5.0-7.4ngL"!
in post-GAC effluents. The total concentrations of all measured
pharmaceuticals did not vary as significantly as EDCs during either
24-h period, but similarly a peak of the total measured pharma-
ceutical compounds of 201.8ngL-! at 22:00 in pre-GAC samples
was observed, with even less variability in post-GAC effluents
(RSD =3.9%).

3.3. Concentrations of EDCs and pharmaceuticals in the receiving
river waters

To assess the beneficial effect of GAC technology, the concentra-
tions of EDC were determined in river water samples downstream
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of the STW. Fig. 4a shows that, as expected, since sewage efflu-
ent was recognised as the predominant source of environmental
estrogens in natural waters, the reduction in the measured con-
centrations of the steroidal estrogens observed in sewage effluent
was reciprocated in the receiving river. A similar profile is shown
in Fig. 4b for pharmaceuticals.

To evaluate the importance of STW as a point source of emerg-
ing contaminants in rivers, a simple dilution model, based on mass
balance principles, was used to predict pollutant concentrations
downstream of effluent discharge [12,31]:

_ Cuw x Vuw + Cer x Ve

Cow = 2
bw e @)

where Cgg, Cyw, Cpw are the pollutant concentrations in the STW
effluent, upstream and downstream. Vgg, Vyw and Vpw represent
the flow rates in the effluent, upstream and downstream.

Good agreement between measured and predicted concentra-
tions was observed, particularly for the steroidal estrogens. For
pharmaceuticals, the model prediction was excellent for propra-
nolol, and still good for carbamazepine. Overall, however, the
model tended to underestimate by between 5 and 28% for those
compounds that were also detected by chemical measurement. On
the other hand, the model predicted the presence of indomethacine
and diclofenac at concentrations significantly above the method
LOD in the receiving river water in pre-GAC samples, which dif-
fered from the observed non-detectable concentrations through
measurement. The model however subsequently predicted these
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compounds would not be present in post-GAC samples, in agree-
ment with the measured results. The model also predicted low
concentrations (ng L-1) of mebeverine in the receiving river waters
after GAC commission, which is an over-estimate in comparison
to the measured results. Overall, the dilution model has provided
a reasonable prediction of the measured EDC and pharmaceutical
concentrations, demonstrating the importance of STW effluents as
a point source of such compounds into the aquatic environment.

3.4. Temporal and spatial variation of EDC concentrations in the
catchment waters

To fully appreciate the environmental occurrence and persis-
tence of emerging contaminants in river water, as well as the added
benefit of GAC installation, a systematic sampling and analysis of
STW effluent and river water were undertaken. Results (Fig. 5) show
the concentrations of E1, E2 and EE2 at four sites in the receiving
river, including one upstream and three downstream sites, as well
as atacontrol site over a three-year period. The results demonstrate
aclearreduction in the average concentrations from 3.2 ngL~! (pre-
GAC) to <0.6 ngL~! (post-GAC, 81% reduction) for E1, 3.8ngL~! to
<1.2ngL-! (at least 68% reduction) for E2, and 0.8 to <0.4ngL-! (at
least 50% reduction) for EE2 downstream of the effluent, after the
installation of the GAC plant. However, there appears to be a lag
between the reduction in effluent concentrations and the appar-

14 7 OSite 1
12 O Site 2
10 W Site 3
B Site 4
BSite 5

(=S I -

El concentration (ng L")

July

September
September
November

2008

12 4 Osite |
10 4 Asite 2
Wsite 3
Osite 4
R Msite 5

E2 concentration (ng LN

September
September
November

2006 2007 2008

39 Osite 1
@ site 2
Wsite 3
Hsite 4
Esite 5

[+
1

EE2 concentration (ng L)

July

May

September
September
November

2006 2007 2008

Sample

Fig. 5. Concentrations of E1, E2 and EE2 across the catchment over the three year
period. Site 1=3.5km upstream, site 2=10m downstream, site 3=1.7 km down-
stream, site 4=8.3 km downstream, site 5= control site. Error bar=one standard
deviation.

ent non-presence of E1 and E2 in the receiving river water, with
a small amount of these compounds present in downstream sam-
ples some months after installation of the GAC. This is likely due to
pre-existing amounts of these compounds from pre-GAC effluent
taking some time to degrade. There appears to be no such lag for
EE2, which was not detectable in any sample from the catchment
after installation of the GAC.

4. Conclusions

A significant reduction in the concentrations of three key
steroidal estrogens in sewage effluents, and subsequently in the
receiving river waters, was observed because of the installation of
GAC as a post-tertiary sewage treatment process. The impact of GAC
in reducing the concentrations of pharmaceutical compounds in
effluent samples was more variable; while some compounds were
shown to be significantly removed, others were not, and removal
appeared to vary between different classes of pharmaceuticals.
Regular sampling in the river water downstream of effluent dis-
charge also demonstrated a major reduction in the concentration
of these compounds following the operation of the GAC plant. The
importance of the STW as a key source of emerging contaminants in
the river has been confirmed by both chemical analysis and by pre-
diction from mathematical modelling. Further research is needed,
however, as whether these reductions in contaminant concentra-
tions are sufficient as to prevent endocrine disrupting effects in
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aquatic organisms on the longer term, remains to be confirmed.
Moreover, GAC-based removal technology will become less effi-
cient over time for some classes of organic pollutants, including
EDCs and pharmaceuticals, as adsorption sites become saturated.
As of yet, the long-term efficacy of GAC for the removal of steroidal
estrogens and pharmaceuticals is not fully understood, and existing
analytical procedures are unable to detect and resolve concentra-
tions of E2 or EE2 at concentrations likely to be present in post-GAC
effluents. Analytical research should focus on further improving the
sensitivity of analysis so that the behaviour of steroidal estrogens
at these trace concentrations can be better understood. Cost impli-
cations (e.g. GAC) will also feature highly as a major driver in future
investigations.
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