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Septic tanks treat wastewater of individual houses and small communities (up to 2000 people in Scotland) in

rural and semi-urban areas and are understudied sources of surface water contamination. A multi-analyte

methodology with solid phase extraction (SPE), ultra-sonic extraction, and direct injection sample

preparation methods was developed to analyse a comprehensive range of emerging contaminants (ECs)

including prescription and over-the-counter pharmaceuticals and related metabolites, natural and

synthetic hormones, and other human wastewater marker compounds in septic tank influent and

effluent, river water, suspended solids, and septic tank sludge by ultra-high-performance liquid

chromatography coupled to tandem mass spectrometry (UHPLC-MS/MS). The number of quantifiable

compounds in each matrix varied from 68 in septic tank wastewater to 59 in sludge illustrating its

applicability across a range of matrices. Method quantification limits were 2.9 × 10−5–1.2 mg L−1 in septic

tank influent, effluent and river water, with #0.01 mg L−1 achieved for 60% of ECs in all three water

matrices, and 0.080–49 mg kg−1 in sludge. The developed method was applied to a septic tank (292

population equivalents) and the receiving river in the North-East of Scotland. Across all samples

analysed, 43 of 68 ECs were detected in at least one matrix, demonstrating the method's sensitivity. The

effluent concentrations suggest limited removal of ECs in septic tanks and a potential impact to river

water quality for some ECs. However, further monitoring is required to better appreciate this. The

developed methodology for a wide variety of ECs in a range of liquid and solid phases will allow, for the

first time, a comprehensive assessment of ECs fate and removal in septic tanks, and their impact to

surface water quality.

Kai                 Wilschnack,
Introduction

Over the past years, a large variety of emerging contaminants
(ECs), such as prescription or over-the-counter pharmaceuticals
and related metabolites, natural and synthetic hormones, and
other human wastewater marker compounds (e.g., caffeine),
have been reported in various water sources worldwide in the ng
to mg L−1 range.1–5 Due to their incomplete removal in conven-
tional (biological) wastewater treatment, and ubiquitous pres-
ence in inuent, treated wastewater discharges are considered
the main entry source of ECs into the environment.6–8

So far, research has focused on centralised wastewater
treatment works (WWTWs) and their receiving surface
t Gordon University, Aberdeen, AB10 7GJ,
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tion (ESI) available. See DOI:

f Chemistry 2024
waters.1,7,9–11 However, it is conservatively estimated that 9% of
the Scottish population, are served by a public or privately
owned septic tank.12–14 Septic tanks are typically located in rural
and semi-urban areas and treat wastewater from individual
houses and small communities (up to 2000 people in Scot-
land).4,14 In a watertight underground tank, oen designed as
a series of rectangular chambers, heavy solids settle as sludge to
the bottom, while oil, grease and lighter solids oat to the top.12

The sludge and scum need to be removed from the tank (typi-
cally every few months to every few years), and transported to
a centralised WWTWs for further treatment.15 The septic tank
effluent might be further treated, for example through subsoil
inltration systems, before being released into the ground or
a nearby water body.12,16

Septic tank effluents can contain ECs in higher concentra-
tions than in centralised WWTWs.13,17 For instance, Stanford
and Weinberg17 reported the active ingredient in hormonal
contraceptives 17a-ethinylestradiol up to 0.4 mg L−1 in a septic
tank effluent serving a boarding school for girls, which is 4- to
Anal. Methods, 2024, 16, 709–720 | 709
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400-times higher than centralised WWTWs inuents.18 In
a septic tank, ECs can be removed through the physical sepa-
ration of the sludge and scum, when they are bound to particles
or oil, and via anaerobic biodegradation.19 However, there is
little information on the performance of septic tanks for the
removal of ECs, and the effect of septic tank discharges to water
quality. To this date, most studies focused on a few compounds
only (maximum = 22),13,20–24 and there is a lack of multi-analyte
methods for the analysis of ECs in septic tanks.

Most commonly, ECs are analysed by reversed-phase liquid
chromatography coupled to tandem mass spectrometry as
a highly sensitive and selective detector (LC-MS/MS).9–11 It is
a suitable approach to determine low concentrations of ECs in
the presence of other organics at comparatively high concen-
trations in complex environmental matrices, such as waste-
water.9,11,19,25 Typically, solid phase extraction (SPE) is used to
enrich, isolate and/or purify the target ECs, with reversed-phase
hydrophilic-lipophilic balanced (HLB) polymeric sorbents being
the most common.3,26,27 Although a wide range of compounds
can be analysed with HLB sorbents, recoveries are low for very
polar compounds such as the antidiabetic drug metformin.28–30

Hence, for very polar ECs, direct injection is proposed as
a second sample preparation method.30 In wastewater, different
ECs are present in a wide concentration range from low ng L−1

(e.g., ciprooxacin) to high mg L−1 (e.g., metformin).29,31,32 As
septic tanks are used by fewer people than centralised WWTWs,
the variations in concentration and detection of ECs in effluents
can be higher.13 The wide concentration range, poses a chal-
lenge for ‘SPE-only’ methods, as it requires the dilution and re-
analysis of samples following data processing, when concen-
trations are above the calibration range.13,33 At the same time,
method detection limits for ECs present at lower concentrations
might not be reached by direct injection. Analysing each sample
by direct injection and aer SPE, allows the determination of
a comprehensive range of ECs of different polarities over a wide
concentration range without the need for further sample pro-
cessing (e.g., dilution) and re-analysis.

Environmental samples are typically ltered prior to analysis
to remove suspended solids. Due to the extra effort associated
with analysing both matrices, most studies focus on the aqueous
part of the sample only.7,34 However, ECs can adsorb to solid
particulate matter, and desorb again once in the environment.1,35

Thus, analysing the aqueous part of the sample only leads to
underestimation of the total concentration in the sample.11

Furthermore, in wastewater treatment, ECs can also adsorb to
sludge, and for instance enter the environment when sludge is
applied in agriculture.36 Most studies analysed ECs only in the
liquid phase of septic tank effluent,20,21 and the receiving water
bodies.13,22–24,37 Developing a multi-analyte method for the anal-
ysis of ECs in septic tank inuent and effluent, including sus-
pended solids, sludge, and the receiving surface water will allow
a more accurate assessment of the performance of septic tanks
for the removal of ECs and their effect to water quality. The most
common methods for the extraction of ECs from solid environ-
mental matrices, such as suspended solids or sludge, are
microwave accelerated extraction (MAE), pressurised liquid
extraction (PLE), and ultra-sonic extraction (USE).1,11,30,38 There is
710 | Anal. Methods, 2024, 16, 709–720
little difference found in the performance and extraction effi-
ciency of the three methods.36,39,40 MAE and PLE are easier to
automatise than USE. However, USE offers advantages due to low
costs and easy operation for effective extraction of ECs from solid
environmental samples.1,36

Therefore, the aim of the study was to develop a compre-
hensive multi-analyte methodology with SPE, USE, and direct
injection as sample preparation methods to analyse a broad
range of ECs in septic tank inuent and effluent, river water,
suspended solids, and septic tank sludge by ultra-high-
performance liquid chromatography coupled to tandem mass
spectrometry (UHPLC-MS/MS). The developed method was
applied to a septic tank and the receiving surface water in
a rural area in the North-East of Scotland.
Materials and methods
Materials

A total of 68 ECs (prescription or over-the-counter pharmaceuti-
cals and related metabolites, natural and synthetic hormones,
and other human wastewater marker compounds) were selected
for method development (S1: Table S1†). The selection included
those identied in prioritisation schemes by the European Union
(EU) and the United Kingdom (UK),41–46 and those which posed
the greatest threat to Scotland based on environmental risk
assessment calculations (S2). Chemical names and properties of
selected ECs and where they were obtained from are detailed in
Tables S1 and S2.† Water was produced at ultra-pure quality in
the laboratory (resistivity = 18.2 MU cm at 25 °C, PurA-Q18.2,
LabPro, European Instruments, Oxford, UK), and methanol
(HPLC grade, $99.9%) was purchased from Fisher Scientic
(Loughborough, UK). Formic acid ($99.0%, Fisher Scientic),
ammonium formate ($99.0%, Sigma Aldrich, Gillingham, UK),
ammonium uoride (NH4F, $99.99%, Sigma Aldrich), and
ammonium hydroxide (NH4OH, 35%, Fison Instruments Ltd,
Glasgow, UK) were used as mobile phase buffers and in ultra-
sonic extraction. Oasis HLB (60mg, 3 mL; and 200mg, 6 mL) SPE
cartridges were purchased from Waters (Manchester, UK). Poly-
tetrauoroethylene (PTFE), cellulose acetate (CA), polyvinylidene
uoride hydrophilic (PVDF-HL), and polyvinylidene uoride
hydrophobic (PVDF) Q-Fil syringe lter (13 mm, 0.22 mm) from
Greyhound (Birkenhead, UK) were received from Crawford
Scientic Ltd (Strathaven, UK) and glass bre lter (GF/F) discs
(0.7 mm, 47 mm) were purchased from Fisher Scientic.

Liquid samples (1 L septic tank inuent, septic tank effluent,
and river water), used during method development and vali-
dation were collected in the North-East of Scotland in poly-
propylene bottles in summer 2021. Samples were transported to
the laboratory and frozen within 1 h aer collection. The septic
tank sludge (0.5 L) was collected in November 2021 with
a custom-made polyvinylchloride sludge sampler (Fig. S1†), and
frozen until processing.
Sample preparation of liquid samples

In a preliminary study, four different syringe lters were tested
to minimize loss of ECs during the ltration step. Wastewater
This journal is © The Royal Society of Chemistry 2024
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samples spiked with 60 ECs (available at the time of the
experiment) were ltered through PVDF-HL, PTFE, CA, and
PVDF syringes to determine any losses.

The SPE method (Fig. 1) was developed based on a previous
method for the analysis of septic tank effluent and river water.13

Initially, the samples were ltered under vacuum with a GF/F
lter. Oasis HLB cartridges (3 mL, 60 mg) were conditioned
under gravity with 2 mL methanol and 2 mL water for equili-
bration at a ow rate of 1 mL min−1. 50 mL wastewater, and
100 mL river water, were spiked with a 50 mL isotopic labelled
surrogate working mix (c = 100 mg L−1), mixed and loaded onto
the cartridges using vacuum at a ow rate of 5 mL min−1 and
then dried for 20 min. The samples were eluted under gravity
with 4 mL methanol at a ow rate of 1 mL min−1, and the
solvent was evaporated at 40 °C under nitrogen.13 The dried
residue was then redissolved in 500 mL water/methanol (95/5, v/
v), and ltered through a PVDF-HL syringe lter prior to
UHPLC-MS/MS injection. For direct injection, environmental
samples were ltered through a PVDF-HL syringe lter, before
450 mL of the sample was spiked with 50 mL isotopic labelled
surrogates (c = 100 mg L−1).

Extraction of solid matrices by ultra-sonic extraction

The sludge was frozen and freeze dried using a Heto Drywinner
freeze dryer by Copley. The selected ECs were extracted from
solid matrices with a Clion Range ultra-sonic water bath
(280 W, 50/60 Hz) using three extraction cycles similar to that
described by Al-Khazrajy and Boxall.25 Briey, 0.1 g of freeze-
dried sludge (dry weight) was weighed into a 10 mL poly-
propylene centrifuge tube, spiked with 50 mL isotopically
labelled surrogates (c = 100 mg L−1) and le overnight. In the
rst cycle, 2 mL of 2% NH4OH in methanol was added. The
suspension was vortexed, ultra-sonicated for 15 min at 50 °C,
and centrifuged at 2260 g for 15 min. The supernatant was
collected in a 50 mL Duran® glass bottle. The extraction was
repeated using 2 mL of 2% formic acid in methanol and then
2 mL of methanol. The combined supernatants were ltered
through a wet GF/F disc and diluted with water to 100 mL
Fig. 1 Overview of analytical workflow from sample preparation to
analysis, for liquid and solid samples by ESI+ and ESI− methods.

This journal is © The Royal Society of Chemistry 2024
(methanol < 5%). The extracts were cleaned up by Oasis HLB
SPE cartridges (6 mL, 200 mg) following the same procedure as
described for the extraction of liquid samples. For sludge
samples, the reconstituted extract was centrifuged for 10 min at
17 000g prior to ltration through a PVDF-HL syringe lter.

Liquid chromatography tandem mass spectrometry

Samples were analysed with UHPLC-MS/MS using an ACQUITY
UPLC system from Waters (Waters Corporation, Milford, MA)
with a Xevo TQ-XS Triple Quadrupole Mass Spectrometer.
Electrospray ionisation (ESI) was performed in both positive
and negative modes with a capillary voltage of 2.6 kV, 3.00 low-
mass (LM) resolutions, and 15.00 high-mass (HM) resolutions.
The nebulising and desolvation gas was nitrogen, and the
collision gas was argon. The gas temperature was 400 °C with
a desolvation gas ow of 550 Lmin−1, and a nebulising pressure
of 7.0 bar. The cone gas ow was 150 L h−1. The optimised ion
energies were ion energy 1 = 0.1 V and ion energy 2 = 1.0 V in
positive ionisation mode, and ion energy 1 = 1.0 V and ion
energy 2 = 2.0 V in negative ionisation mode, respectively.

Two different mobile phases were used for the analysis of
basic and acidic compounds in positive and negative ionisation,
respectively.30 Different additives to the mobile phase were
tested. If not otherwise stated, the parameters were identical in
both methods. Chromatographic separation was performed
using reversed-phase ACQUITY UPLC Ethylene Bridged Hybrid
(BEH) C18 columns (1.7 mm, 2.1 × 100 mm, Waters). The
column temperature was kept constant at 50 °C. The injection
volume was 2 mL and the ow rate was 350 mL min−1. A meth-
anol–water-gradient along with additives was used as the
mobile phase (S4: Table S3†). Additives were 5 mM ammonium
formate and 0.1% formic acid in the positive ionisation
method, and 0.5 mM NH4F in the negative ionisation method.

Instrumental performance

The instrumental performance was validated in terms of
detection and quantication limits, linearity, intra- and inter-
day precision, and accuracy. All samples were spiked with
isotopically labelled analytes as surrogate to correct for matrix
effects and analyte loss during sample preparation (c = 10 mg
L−1 at injection).13

The instrument detection (IDL) and quantication limits
(IQL) for each analyte were determined by the lowest concen-
tration with a signal-to-noise ratio (S/N) $ 3 or $ 10, respec-
tively. Linearity was established through the injection of a range
of standards between 0.05 and 100 mg L−1 (S8: eqn S3†).

Intra-day precision and accuracy were determined by
injecting standards at concentrations of 1, 10, and 50 mg L−1 in
triplicate within 24 h (S8: eqn S4 and S5†). This was repeated
every 24 h over 3 days to establish inter-day precision and
accuracy.

Method performance

The method performance was assessed for septic tank inuent
and effluent wastewater, river water, and sludge, for detection
and quantication limits, matrix effects, absolute and relative
Anal. Methods, 2024, 16, 709–720 | 711
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recoveries, precision, and accuracy. Samples were prepared at
three concentrations in triplicate. Spike concentrations were 1,
10, and 50 mg L−1 for direct injection of inuent, effluent, and
river water; 0.01, 0.1, and 0.5 mg L−1 for SPE of inuent and
effluent; 0.005, 0.05, and 0.25 mg L−1 for SPE of river water, and
50, 250, 500 mg kg−1 for sludge (S5: Table S4†). Prior to spiking
with ECs, samples were spiked with isotopically labelled ECs
only and analysed to determine the analyte concentrations in
the environmental samples. Water samples were analysed by
direct injection and SPE (S5: Table S4†).

Absolute (RECabs) and relative recoveries (REC) were calcu-
lated following eqn (1) and (2) from peak areas (A) and area
ratios (ar) of spiked and unspiked (US) samples and standards
(std), respectively.

RECabs ¼
�
Aspiked� � AUS

�

Astd

� 100% (1)

REC ¼
�
arspiked� � arUS

�

arstd
� 100% (2)

The method detection (MDL) and quantication limits
(MQL) were calculated for each analyte from the IDL and IQL,
respectively, the recovery and concentration factor cF using eqn
(3) and (4).

MDL ¼ ðIDL� 100Þ
REC� cF

(3)

MQL ¼ ðIQL� 100Þ
REC� cF

(4)

REC and cF were specic for each matrix and sample prep-
aration method. cF was 0.9 for direct injection, 100 for septic
tank inuent and effluent in the SPE method, and 200 for river
water in the SPE method. For solid matrices, cF is replaced with
a conversion factor of 0.2 g mL−1, based on the extraction of
0.1 g sludge.

The relative standard deviation of the replicates was calcu-
lated for method precision. Accuracies were determined from
the percentage deviation of the concentrations added to the
samples from the calculated concentrations.

To ensure instrumental and method performance, blanks
and quality control standards with concentrations of 1, 10, and
50 mg L−1 were injected before and aer every batch of samples.

Application to a septic tank and receiving river

A septic tank and the receiving surface water in a rural area in
the North-East of Scotland was investigated. The septic tank
serves 292 population equivalents, with no tourist impact and
around 8% non-household contribution.14 The nominal dilu-
tion of the septic tank discharge into the river was calculated
(S6: eqn S1 and S2†). The receiving river mainly ows through
agricultural land, with single houses and smaller villages along
side. In the catchment area, 1% of land use is classied as
urban.47 The largest settlement in the catchment area with
a population of 3140 (mid-2020 estimate)48 is located roughly 7
712 | Anal. Methods, 2024, 16, 709–720
km upstream of the studied septic tank. It is served by
a secondary biological WWTW that discharges into the river.

Sampling was conducted on the 10th of November 2021.
Grab samples (1 L) were collected in polypropylene bottles at the
inuent and effluent point of the septic tank, in the river
upstream and downstream of the septic tank discharge point at
a minimum distance of ve river widths, and from the sludge.
Samples were transported to the laboratory at 4 °C. Liquid
samples were ltered through 0.7 mm GF/F membrane lters
within 24 h, processed as described previously, and analysed
within 48 h. The lter papers were frozen at −20 °C until pro-
cessing. The solids were extracted by ultra-sonic extraction
following the previous description. All samples were prepared
in duplicate.

Results and discussion
Liquid chromatography tandem mass spectrometry

All ECs were analysed using multiple reaction monitoring
(MRM) transitions. The protonated ([M + H]+) or deprotonated
molecular ion ([M − H]−) was monitored in ESI− and ESI+
mode, respectively. Following EU guidelines,49 two MRM tran-
sitions were monitored for most ECs (one in the case of isotopic
labelled surrogates), using the fragment with the highest
response for quantication and the fragment with the second
highest response for conrmation. Ion ratios were monitored.
In accordance with the literature, only one stable fragment was
found for ibuprofen, gembrozil and lidocaine,3,30,50 which is
considered semi-quantitative (optimised MS/MS parameters in
S7: Table S5†).

Following optimisation of MS/MS parameters for all
compounds the chromatography methods were developed
using a methanol–water-gradient with additives as the mobile
phase and a reversed-phase BEH C18 column. Two different
mobile phases were used, since basic and neutral compounds
are best analysed in positive ionisation mode from acidic
solutions, whereas acidic compounds are more efficiently ana-
lysed in negative ionisation mode from basic solutions.51

Different additives were tested to optimise separation, peak
shape, and sensitivity. In the positive ionisation mode for the
analysis of basic ECs, the use of 5 mM ammonium acetate with
0.1% formic acid was compared to using 5 mM ammonium
formate and 0.1% formic acid. While the choice of ammonium
salt generally had little effect on the chromatography, the peak
shape improved substantially with ammonium formate in the
mobile phase for metformin, guanylurea, and paracetamol. The
highly polar drug metformin and its aerobic bacterial metabo-
lite guanylurea are more suited to analysis by hydrophilic
interaction chromatography (HILIC) columns,2,29 but satisfac-
tory chromatography could be achieved under reversed phased
conditions with ammonium formate as an additive.

In the negative ionisation mode, ammonium hydroxide
(0.1%) and different concentrations of NH4F (0.1, 0.5 and 1mM)
in a methanol–water-gradient were considered to enable the
analysis of estrogens together with acidic drugs.30,52 Overall,
NH4F resulted in greater peak areas and sharper peaks than
ammonium hydroxide. Improved sensitivity with NH4F might
This journal is © The Royal Society of Chemistry 2024
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be due to the strong basicity of the uoride anion, and hence
increased deprotonation of ECs in the gas phase.53 Lower NH4F
concentration increased the sensitivity for estrogens, with
optimum concentrations being 0.1 mM. However, decreased
sensitivity for ibuprofen was noted. Since estrogens are ex-
pected to be found in signicantly lower concentrations in
wastewater and river water compared to ibuprofen,6 0.1 mM
NH4F was considered for further method development.
However, in wastewater a contamination was present in the 17a-
ethinylestradiol MS/MS spectrum at the same retention time.
This was resolved from the 17a-ethinylestradiol peak by
increasing the NH4F concentration to 0.5 mM. With the
reversed-phase BEH C18 column, good separation, sensitivity,
and peak shape was achieved for all compounds using a meth-
anol–water-gradient along with 5 mM ammonium formate and
0.1% formic acid in the ESI+ method, and 0.5 mM NH4F in the
ESI− method (Fig. 2).
Instrument performance

The IDL and IQL were determined as the lowest concentration
with a S/N$ 3 and$ 10 and ranged from 0.002 to 1 mg L−1, and
from 0.005 to 5 mg L−1, respectively (S8: Table S6†). For the
majority of compounds, IQL # 0.5 mg L−1 was achieved. A wide
range of IQLs is commonly observed in multi-analyte methods
for compounds with a variety of physicochemical properties,
and similar to what has been reported before.3,27,28,30

Linearity was established through the injection of standards
at concentrations between 0.05 and 100 mg L−1 (500 mg L−1 for
paracetamol, ibuprofen, and metformin due to their higher
concentrations in wastewater). A linear regression model was
tted (S8: eqn S3†), and the R2 was calculated. For the
compounds without the isotopically labelled EC, a different
deuterated surrogate was assigned (S8: Table S6†). The choice
was based on retention time, structural similarity, and eventu-
ally linearity. The linear dependency was in range of 0.938 # R2

$ 1.000 (S8: Table S6†). Approximately two thirds of the ECs, 52
compounds in the positive method and four compounds in the
negative method, have R2 values $ 0.997. Atorvastatin and
Fig. 2 Chromatograms (quantification MRM) of septic tank effluent
spiked at c= 62.5 mg L−1 and analysed by direct injection (A and C), and
at c = 0.5 mg L−1 and analysed by SPE (B and D) (details in S5: Table
S4†), analysed with the ESI+ (A and B) and ESI− (C and D) method.

This journal is © The Royal Society of Chemistry 2024
miconazole were calibrated externally using peak area as there
was no suitable deuterated surrogate. Calibrations with R2 $

0.991 were sufficient for accurate quantication, as indicated by
the other instrumental performance criteria. Published studies
for multi-analyte analysis of pharmaceuticals in wastewater
accept R2 # 0.990.11 Miconazole, clotrimazole, and climbazole,
have R2 < 0.980, most likely due to the absence of suitable
deuterated surrogate, and were analysed semi-quantitatively.
Most compounds were linear over the whole concentration
range from 0 to 100 mg L−1.

Intra- and inter-day accuracy and precision (S8: Table S7†)
were determined by injecting three standards (c = 1 mg L−1, 10
mg L−1, and 50 mg L−1) three times within 24 h, and repeatedly
every 24 h over three days (S8: eqn S4 and S5†). In multi-analyte
methods, accuracies are generally expected to be within an ideal
range of 90–110%, or within the accepted range 80–120%.10,28,54

A total of 63 compounds were accurate within the range of 90–
110% inmost samples above the IQL, with little or no difference
between the intra- and inter-day accuracy (p > 0.05, S8: Table
S7†). The remaining ve compounds also have intra-day accu-
racies from 90% to 110% in most samples, but inter-day accu-
racies were 80% to 120% in most samples (0.004 $ p # 0.046).
As repeating the calibration every day is time-consuming, few
ECs with inaccuracies are accepted in multi-analyte methods.28

QC standards were therefore injected with every batch to ensure
accuracies stay within the accepted range. Calibrations were
repeated aer the mass spectrometer was turned off for an
extended period of time, at least once a year, or if the QC data
fell out with the performance data.

In general, relative standard deviations # 10% are expected
in the instrumental performance. However, higher standard
deviations $ 20% are accepted for few ECs in multi-analyte
methods, as long as other validation parameters are suit-
able.11,27 In the developed instrumental method, 50 ECs were
very precise over all concentrations studied above the IQL with
a relative standard deviation # 10% except the occasional one
concentration in the intra- and inter-day analysis. Of the
remaining compounds, 15 had a relative standard deviation #

20% over all three concentrations above the IQL. The remaining
three ECS had relative standard deviation # 10% in most
samples. Overall, the method was very precise with relative
standard deviations # 10% for the majority of compounds.

The intra- and inter-day instrumental performance was high
across the majority of ECs. In total, 94% of the compounds were
precise and accurate with a suitable linear calibration using the
area ratio. Atorvastatin was linear, precise and accurate using
the peak area, and miconazole, clotrimazole and climbazole
could be analysed on a semi-quantitative basis as they showed
satisfactory accuracy and precision data.
Method performance

The most common syringe lter membrane used for ECs prior
to UHPLC-MS/MS is PTFE.11,30,31,54 However, low recoveries have
been observed for some ECs including erythromycin and gem-
brozil.55 Therefore, a range of syringe lters including PVDF-
Anal. Methods, 2024, 16, 709–720 | 713
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HL, PTFE, CA, and PVDF were investigated to minimize loss of
ECs during the ltration step.

Absolute recoveries were >75% for all four syringe lters for
49 ECs (S9: Table S8†). Similarly, Darwano et al.1 reported high
recoveries for most analytes with little variation between
different syringe lters. However, for clarithromycin, erythro-
mycin, chlorpheniramine, cetirizine and citalopram poorer
recoveries were found with PVDF, which is in line with what has
been reported before for antibiotics including clarithromycin.56

For all ve compounds recoveries were at least 20% higher in
the other lters, with CA and PVDF-HL being more effective
than PTFE. However, CA gave lower recoveries for amoxicillin,
estrone, and 17b-estradiol than what was achieved with PTFE,
PVDF, and PVDF-HL syringe lters (>80%). PVDF-HL syringe
lters were the best compromise for the studied EC, giving
recoveries >70% for the majority of ECs. The effective use of
PVDF-HL syringe lters has, for example, also been reported by
Wang et al.57 Low recoveries of approximately 10% were only
found for uoxetine, miconazole, and clotrimazole, and this
was observed for all four syringe lters. All samples were ltered
Fig. 3 Absolute recoveries (%) in influent, effluent and river water
analysed by (a) direct injection and (b) SPE, and in (c) sludge.

Fig. 4 Relative recoveries (%) in influent, effluent and river water analysed
deuterated surrogate.

714 | Anal. Methods, 2024, 16, 709–720
through PVDF-HL syringe lters prior to UHPLC-MS/MS
injection.

To determine method performance, septic tank inuent and
effluent, river water, and sludge samples were spiked at three
concentrations (S5: Table S4†). Water samples were analysed by
direct injection and SPE. Calculations were not practical for 29
ECs in at least one sample, when the environmental concen-
tration exceeded the spike concentration, most common at
lowest spike concentrations in effluent SPE samples.

In direct injection samples, absolute recoveries were 23–
209% in septic tank inuent, 19–192% in septic tank effluent,
and 19–186% in river water (S9: Table S9†). Most ECs have
absolute recoveries from 25 to 125% (Fig. 3). Recoveries over
100% were due to signal enhancement. This highlights the
requirement of the use of deuterated surrogates to correct for
matrix effects and variations in the instrumental and method
performance.

For 41 ECs (63%), relative recoveries by direct injection were
in the range of 90% to 110% in all three matrices, and in the
range of 75% to 125% for a further 11 ECs (Fig. 4). The
remaining 14 ECs have relative recoveries from 22 to 197%,
most likely due to the absence of a suitable deuterated surrogate
to account for matrix effects and analyte loss. Similar results
have been reported by Oliveira et al.58 who found relative
recovery from 20 to 230%, with the majority recoveries being in
the range of 70–150% in the analysis of ECs in wastewater
inuent and effluent by direct injection LC-MS/MS. The direct
injection MDLs were 3.3 × 10−3–3.0 mg L−1 in inuent, were 4.1
× 10−3–3.7 mg L−1 in effluent, and 3.6 × 10−3–3.4 mg L−1 in river
water. MQLs were 6.7 × 10−3–8.8 mg L−1 in inuent, 8.1 × 10−3–

14 mg L−1 in effluent, and 7.2 × 10−3–8.3 mg L−1 in river water
(S9: Table S10†). While these MQLs were sufficient for the
determination of high use compounds, such as metformin or
paracetamol,29,31,32 hormones and antibiotics have predicted no-
effect concentrations (PNEC) < 1 mg L−1 and are reported in
freshwater at ng L−1. Hence, the use of a SPE method was
by direct injection and SPE, and in sludge, for the 66 ECs with assigned

This journal is © The Royal Society of Chemistry 2024
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necessary to determine all ECs at the relevant concentrations. In
direct injection, 29 ECs were very precise over all three
concentrations with a relative standard deviation # 10% in
inuent, effluent and river water (S9: Table S11†). Of the
remaining compounds, 29 ECs were precise with a relative
standard deviation # 20% over all three concentrations in all
matrices. The remaining ECs were precise for most spiked
concentrations andmatrices. Accuracies within the range of 75–
125% were observed for the majority of 54 ECs. Most remaining
ECs were accurate for most concentrations andmatrices. This is
similar to the results reported by Rapp-Wright et al.31 for direct
injection LC-MS/MS, and considering the complexitiy of
matrices and the number of analytical steps involved, precision
and accuracy were considered acceptable.

Absolute recoveries following SPE were 0–194% in septic
tank inuent, 1–200% in septic tank effluent, and 0–122% in
river water (Fig. 3). The measured absolute recoveries were in
the range of what has been previously reported using LC-MS/MS
to determine multiple ECs in wastewater.10,30,59 While the lack of
selectivity of HLB allows the extractions of a wide range of
analytes, matrix can be co-extracted and cause signicant signal
interference.10 Signal interference is typically reported to be
high in multi-residue LC-MS/MS methods using ESI as ionisa-
tion method and HLB columns in SPE due to lack of selec-
tivity.11,30,54 Lowest and no absolute recoveries from SPE were
observed for the very polar compounds guanylurea, metformin,
gabapentin, sulfanilamide, and amidotrizoic acid, and amoxi-
cillin from river water (S9: Table S9†). HLB sorbents are known
for their low recovery of very polar compounds,27,28,30 e.g.,
Klančar et al.28 reported recoveries of 0.3% for metformin and
2.6% for gabapentin from river water. Due to the low absolute
recoveries, guanylurea, metformin, gabapentin and amido-
trizoic acid were determined by direct injection only. Relative
recoveries for the remaining ECs analysed by SPE were 90–110%
in all three matrices for 16 ECs and 75–125% for 17 ECs in all
three matrices (Fig. 4). The remaining ECs had relative recov-
eries <75% or >125% in at least one water matrix. Similar
relative recoveries have been reported by Anumol and Snyder in
wastewater,37 and the results used in the determination of
concentrations to account for differences in the behaviour of
the deuterated surrogate and analyte. The MDLs for SPE were
5.4 × 10−5–0.073 mg L−1 in inuent, 5.3 × 10−5–0.033 mg L−1 in
effluent, and 2.9 × 10−5–0.40 mg L−1 in river water. MQLs were
1.5 × 10−4–0.096 mg L−1 in inuent, 1.6 × 10−4–0.22 mg L−1 in
effluent, and 6.6 × 10−5–0.50 mg L−1 in river water (S9: Table
S10†). Including SPE in the method preparation allows the
determination of ECs at the relevant concentrations. The
precision of 58 ECs was high over all three concentrations in
inuent, effluent and river water with relative standard devia-
tions # 20%. The remaining ten ECs were precise over most
concentrations and matrices (S9: Table S12†). Similar precision
were obtained by Ofrydopoulou et al.27 The majority of ECs
analysed by SPE had accuracies within the range of 75–125% for
all concentrations above the MQL in inuent, effluent and river
water. Comparatively lower accuracies were found when the EC
was present in the sample, e.g., sulfanilamide in the effluent,
trimethoprim at the smallest spike concentration in river water,
This journal is © The Royal Society of Chemistry 2024
and citalopram in inuent. Lower accuracies were also found
for amoxicillin in river water, with a low absolute recovery, and
for warfarin at 1 mg L−1 close to the MQL (S9: Table S12†).

The USE method for the extraction of sediments described
by Al-Khazrajy and Boxall25 was modied to optimise extraction
of the selected 68 ECs from sludge. To accommodate the higher
concentrations of ECs in sludge compared to sediments,60

a smaller mass of 0.1 g was used. Furthermore, the clean-up
step was adjusted to keep it as similar as possible to the SPE
of liquid samples. However, a larger SPE cartridge (200 mL for
sludge) was chosen to avoid blocking of the cartridge during
sample loading. Furthermore, an additional centrifuge step
prior to ltration through a PVDF-HL syringe lter was neces-
sary. The method was successfully applied for the extraction of
59 out 68 ECs from sludge (S9: Table S9†). Due to the complexity
of the environmental matrices, a different number of analytes is
oen reported for different matrices in multi-analyte
methods.10,30 For example, the USE method is not suitable for
very polar compounds, such as metformin, sulfanilamide and
gabapentin with low absolute recoveries from SPE. Due to their
high polarity they are more likely to stay in the water phase and
less likely to be found in the sludge.61 For the remaining
compounds absolute recoveries from sludge were 12–112%
(Fig. 3). The majority of ECs had relative recoveries of 75–125%
from sludge (Fig. 4). Low relative recoveries below 50% (e.g.,
diclofenac and sulfadiazine) and high relative recoveries over
150% (e.g., trimethoprim and estriol) were found for ECs when
the deuterated surrogate behaved differently than the analyte.
MDLs and MQLs were 0.025–7.4 mg kg−1 and 0.080–49 mg kg−1,
respectively. However, only ve ECs have MQLs > 10 mg kg−1 and
only mebendazole has an MQL > 15 mg kg−1 (S9: Table S10†).
Most ECs have accuracies within the range of 75–125% for all
spike concentrations (S9: Table S12†). Lower accuracies were
found for few ECs at one spike concentration, e.g., for sulfadi-
azine at 50 mg kg−1 and for hydroxyibuprofen at 500 mg kg−1.
The precision of 53 ECs was high over all three spike concen-
trations with relative standard deviations# 20%; the remaining
six compounds have higher relative standard deviations at one
concentration only.

The number of quantiable compounds in each matrix
varied from 68 in effluent to 59 in sludge, demonstrating the
method's wide applicability.
Application to environmental matrices

The developed method was applied to samples collected from
a septic tank in the North-East of Scotland at the inuent and
effluent point, from the sludge, and from the receiving river
upstream and downstream of the septic tank's discharge point.
Additionally, the suspended solids from the inuent and
effluent were analysed. At sampling time, the dilution factor of
effluent into the river was 756.62

Across all samples analysed, 43 ECs were detected at least
once (Table 1). Fieen ECs from six different groups (analgesics,
antibiotics, anticonvulsants, antihistamines, b-blockers,
wastewater discharge marker) were found in all matrices.
Anal. Methods, 2024, 16, 709–720 | 715
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In the inuent, 34 ECs were detected at concentrations from
(7.5 ± 0.60) × 10−3 mg L−1 (atenolol) to (2.2 ± 0.082) × 102 mg
L−1 (metformin). A wide concentration range is typically
observed for different ECs in wastewater.29,31,32

The highest detection frequency was observed in the
effluent, where 38 ECs could be quantied. ECs were found at
concentrations lower (e.g., ciprooxacin), similar to (e.g., ven-
lafaxine) and higher (e.g., gabapentin) than in the inuent.
Some determined effluent concentrations were in the range of
what is typically reported in the inuent of centralisedWWTWs;
for instance, both inuent and effluent concentrations of met-
formin, were found to be (2.2 ± 0.082) × 102 mg L−1 and (1.6 ±

0.067) × 102 mg L−1, respectively.2 This suggests that in contrast
to the high removal efficiency in centralised WWTWs of over
90% from the liquid phase,2 metformin is not degraded in the
septic tank. Furthermore, effluent concentrations of some
compounds exceeded concentrations typically reported from
centralised WWTWs. For example, the antipruitic drug crota-
miton was present at (1.5 ± 0.13) mg L−1 in the effluent, higher
than previously reported concentrations of 0.11–0.27 mg L−1 by
Nakada et al.26 in the UK. On the other hand, effluent concen-
trations of ECs such as fexofenadine, cetirizine, ciprooxacin
and lidocaine were similar to what has been reported in cen-
tralised WWTWs.30,31 Further research is necessary to better
understand the removal of different ECs in septic tanks.

In the river, 18 ECs were detected upstream and 19 down-
stream of the septic tank discharge point. The EC found at the
highest concentration in the river, both upstream and down-
stream, was the anti-diabetic metformin at (0.85 ± 0.031) mg
L−1 and (1.1 ± 0.038) mg L−1, respectively. Metabolites can
potentially have a signicant effect on the total concentration
of ECs in the environment, e.g., both desmethylvenlafaxine
and 3-desmethyltrimethoprim were detected at higher
concentrations in the river than the parent compound. The
contribution of the septic tank to the pharmaceutical
concentrations in the river varied from no difference between
upstream and downstream concentrations to a marked
increase. The biggest contribution was found for paracetamol
with an increase by a factor of 15 from (0.039 ± 0.0043) mg L−1

to (0.59 ± 0.053) mg L−1. Other sources that contribute to ECs
concentrations in the river are the secondary WWTWs and
additional private septic tanks. Further work focussing on ECs
in rural Scotland is needed to understand the impact of septic
tank discharges on rivers.

With 30 detected ECs, detection frequencies in the sus-
pended solids were similar to the wastewater. For most ECs, the
liquid phase is the main contributor to the total concentrations
in the septic tank discharge. However, clotrimazole, clari-
thromycin and ooxacin that were not detected in the water,
were found in the suspended solids at concentrations up to (1.3
± 0.13) × 103 mg kg−1 for clarithromycin in the effluent. This
stresses the importance of analysing the solids when assessing
the impact of wastewater discharges to the environment. Most
ECs had similar concentrations in the suspended solids of the
inuent and effluent, showing a potential for removal of ECs in
the septic tank through sludge formation and consequent
reduction of the total suspended solids in the effluent.
718 | Anal. Methods, 2024, 16, 709–720
The 30 ECs that were determined in the sludge sample were
found at concentrations from 4 (bisoprolol) to 3617 mg kg−1

(paracetamol). A wide concentration range of ECs in digested
sludge from centralised WWTWs was also reported by Aydın
et al.63 at mean concentrations from 0.73 (sulfamethazine) to
147 mg kg−1 (clarithromycin), and a maximum concentration of
1496 mg kg−1 (clarithromycin). Higher levels of some ECs such
as fexofenadine and diclofenac in the sludge versus the sus-
pended solids may reect an accumulation over time, whereas
lower levels of other ECs such as caffeine, paracetamol and
clarithromycin could be due to degradation in the sludge.36

Future research on the distribution of ECs between the liquid
and solid phase could increase the understanding of the
removal of different ECs through sorption or degradation.

The contribution of the septic tank to the pharmaceutical
concentrations detected in the river varies from no difference
between upstream and downstream concentrations to an increase
by the factor 15. The observed effluent concentrations of some
pharmaceuticals suggest less removal in septic tanks than in
centralised WWTWs. Finally, the detection of 30 ECs in the sus-
pended solids in the effluent stresses the importance of including
solid analysis when analysing environmental samples to avoid
underestimation of the total concentration in the sample.

Conclusions

A new multi-analyte method was developed for the accurate
determination of a broad range of ECs in liquid and solid
environmental matrices of varying complexity. Analysing septic
tank inuent and effluent, including suspended solids, sludge,
and the receiving surface water allows an accurate assessment
of the performance of septic tanks for the removal of ECs and
their effect on water quality. Including suspended solids in the
analysis of environmental samples minimises underestimating
the total concentration of ECs.

The reported effluent concentrations of some pharmaceuticals
suggest less removal in septic tanks than in centralised WWTWs.
Furthermore, the river sampling suggests that septic tanks have
an impact on water quality for some ECs. Hence, a more robust
sampling of septic tanks in Scotland is proposed to accurately
determine their impact to the environment.
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