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In constructed wetlands micropollutants can be removed from water by phytoremediation. However,
micropollutant uptake and metabolism by plants here is poorly understood due to the lack of good analytical
approaches. Reported herein is the first methodology developed and validated for the multi-residue
determination of 81 micropollutants (pharmaceuticals, personal care products and illicit drugs) in the
emergent macrophyte Phragmites australis. The method involved extraction by microwave accelerated
extraction (MAE), clean-up using off-line solid phase extraction and analysis by ultra-high-performance
liquid chromatography tandem mass spectrometry. Development of the MAE method found the influence
of studied variables on micropollutant recovery to be: extraction temperature > sample mass > solvent
composition. Validation of the developed extraction protocol revealed method recoveries were in the range
80—120% for the majority of micropollutants. Method quantitation limits (MQLs) were generally <5 ng g~
dry weight demonstrating the sensitivity of the methodology. Application of the method to P. australis from a
constructed wetland used to treat trickling filter effluent found 17 micropollutants above their MQL, up to
concentrations of 200 ng g~ .. Other than uptake, the presence of several metabolites (carbamazepine 10,11
epoxide, desvenlafaxine, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, N-desmethyltramadol and
norketamine) indicated metabolism within the plant may also occur. This new analytical methodology will
enable a process mass balance of the constructed wetland to be attained for the first time, and thus help

understand the role of phytoremediation in micropollutant removal by such systems.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Organic micropollutants such as pharmaceuticals, personal care
products and illicit drugs are ubiquitous in surface waters at the
low ng L™! to pg L™! concentration range [1,2]. This is of concern as
they can exert adverse toxicological responses to aquatic biota [3].
The presence of these micropollutants in the aquatic environment
is mainly attributed to their incomplete removal during conven-
tional wastewater treatment [2]|. Currently, low-cost tertiary
treatment options such as constructed wetlands are being consid-
ered for effluent polishing. Their primary use is to enhance the
removal of macropollutants such as suspended solids, organic
matter and nutrients. However, fortuitous removal of micro-
pollutants such as pharmaceuticals is also observed [4].

Constructed wetlands tend to be surface flow (water flows over
a benthic substrate) or sub-surface flow (water flows through a
porous medium such as gravel) [4]. These systems utilize macro-
phytes (such as Phragmites australis — the common reed) which are
thought to contribute to the removal of micropollutants during
treatment [5]. Several studies have investigated the removal of
micropollutants by constructed wetlands [6—10]. This has involved
comparing micropollutant concentrations or loads in receiving
water and treated water. On the other hand, laboratories studies
have been conducted using macrophytes and a synthetic water
medium containing micropollutants of interest [11—13]. Such
studies tend to rely on measuring the reduction in micropollutant
concentration in the water medium to quantify uptake. However,
little analysis has been conducted directly on plants grown in
constructed wetlands treating real wastewater. This is due to the
lack of good analytical approaches for the determination of
micropollutants in plant matter found in constructed wetlands. To
date, there are no fully validated methods reported in the literature
specifically developed for the determination of micropollutants in
plants found in constructed wetlands.

Numerous methods have previously been developed and vali-
dated for the determination of micropollutants in other plant types
such as vegetables and cereals [14—18]. In such matrices, method
quantitation limits (MQLs) range from <1 to ~1000 ng g~ L. Some
studies have applied these methods to determine a limited number
of micropollutants in plants from constructed wetlands. Zarate
et al. [19] investigated the personal care products triclosan, meth-
yltriclosan and triclocarban in three constructed wetland macro-
phytes: Typha latifolia, Pontederia cordata and Sagittaria graminea.
Both triclosan and triclocarban were ubiquitous in the studied plant
tissues at mean concentrations up to ~50 ng g~ ! [19]. Hijosa-Valsero
et al. [20] investigated several pharmaceuticals and personal care
products (naproxen, ibuprofen, ketoprofen, salicylic acid, caffeine,
diclofenac, carbamazepine, galaxolide, methyldihydrojasmonate
and tonalide) in the roots of P. australis with concentrations up to
2500 ng g~! found. The most commonly applied extraction
methods for organic micropollutants from solid environmental
matrices are ultra-sonic extraction (USE), microwave accelerated
extraction (MAE) and pressurised liquid extraction (PLE) [20—23].
Dorival-Garcia et al. [21] found little difference in extraction effi-
ciency of quinolone antibiotics from sewage sludge using USE, MAE
and PLE. However, both MAE and PLE enable greater automation
compared to USE [21]. Furthermore, MAE can provide further time
savings as several samples can be extracted simultaneously.

Due to the lack of methods reported in the literature for the
determination of micropollutants in plants grown in constructed
wetlands, the aim of this study was to develop a robust and sen-
sitive method for the extraction of a high number of micro-
pollutants in P. australis. This is the first time a method has been
developed and validated specifically for the determination of
micropollutants in this matrix. A total of 81 micropollutants were

investigated to encompass a range of physico-chemical and bio-
logical properties (Table S1). This was achieved by developing a
new MAE method, and utilising off-line solid phase extraction (SPE)
and ultra-high-performance liquid chromatography tandem mass
spectrometry (UHPLC-MS/MS).

2. Materials and methods
2.1. Materials

A total of 81 micropollutants representing a varied range of
physico-chemical and biological properties were investigated during
the study (Table S1). The labelled internal standards acetaminophen-
D4, ibuprofen-D3, bisphenol A-D16, carbamazepine-13C6, ketopro-
fen-D3, naproxen-D3, propranolol-D7 and atenolol-D5 were pur-
chased from Sigma-Aldrich (Gillingham, UK). Bezafibrate-D6 was
obtained from QMX laboratories (Thaxted, UK). Methylparaben-13C,
amphetamine-D5, methamphetamine-D5, 3,4-methylenedioxy-
methamphetamine-D5 (MDMA-D5), 3,4-methylenedioxy-amphet-
amine-D5 (MDA-D5), heroin-D9, codeine-D6, ketamine-D4,
cocaine-D3, benzoylecgonine-D8, 2-ethylidene-1,5-dimethyl-3,3-
diphenylpyrrolidine-D3 (EDDP-D3), morphine-D3, cotinine-D3,
cocaethylene-D8, temazepam-D5, 1S,2R-(+) ephedrine-D3, mephe-
drone-D3, methadone-D9, norketamine-D4, estrone (2,4,16,16-D4),
estradiol (2,4,16,16-D4) and quetiapine-D8 hemifumurate were
purchased from LGC standards (Middlesex, UK). Citalopram-D6,
metoprolol-D7, and mirtazapine-D3 were obtained from TRC (Tor-
onto, Canada). All standards were purchased as 0.1 or 1.0 mg mL™!
solutions or in powder form. Chemicals in powder form were pre-
pared at a concentration of 1 mg mL~! in the recommended solvent
and stored at —20 °C. Stock solutions of antibiotics were prepared
monthly [23].

Methanol (MeOH) and toluene was HPLC grade and purchased
from Sigma-Aldrich. Water (H,0) was of 18.2 MQ quality (Elga,
Marlow, UK). All glassware was deactivated using 5% dimethyl-
chlorosilane (DMDCS) in toluene (Sigma—Aldrich) to mitigate the
loss of basic chemicals onto -OH sites present on glass surfaces. This
consisted of rinsing once with DMDCS, twice with toluene and
three times with MeOH. Ammonium acetate (NH40Ac), ammonium
fluoride (NH4F) and acetic acid (1.0 M, CH3COOH) used for the
preparation of mobile phases were purchased from Sigma-Aldrich.
Oasis HLB (60 mg, 3 mL) SPE cartridges were purchased from
Waters (Manchester, UK).

2.2. Constructed wetlands

P. australis were collected from a constructed wetland in the
South-West of the UK. The wastewater treatment plant itself con-
sists of primary sedimentation, secondary treatment by trickling
filters and sedimentation followed by constructed wetlands as a
final polishing step. The site serves a population equivalent of
12,500. The constructed wetlands consisted of six different beds, all
being non-aerated horizontal sub-surface flow with differing sub-
strates planted with P. australis. The depth of substrate was
approximately 1 m in each bed resulting in a hydraulic retention
time of approximately 14 h under dry weather conditions.
P. australis were collected on four consecutive days near both the
inlet and outlet of the bed containing gravel as the substrate. This
bed was considered well-established as P. australis had been
growing for one year and were generally 1.5-2.0 m in height.
P. australis were transported to the laboratory on ice, and roots
washed with tap water to remove excess sediment. These were
then frozen immediately at —20 °C prior to further processing. It is
assumed that freezing reeds upon collection inhibits the degrada-
tion of target micropollutants until analysis.
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2.3. Microwave assisted extraction

Once frozen, individual plants were freeze dried (ScanVac,
CoolSafe freeze dryer, Lynge, Denmark). These were then homog-
enized using a mechanical blender (Kenwood, Havant, UK).
Representative 0.5 g samples were spiked with 50 ng of all internal
standards (in 50 pL MeOH) and left for a minimum of 2 h. Extraction
was performed using 25 mL of 25:75 MeOH:H,0 at a temperature
of 50 °C using a 800 W MARS 6 microwave (CEM, UK). Samples
were heated to 50 °C over 10 min and maintained at this temper-
ature for 30 min. Once cooled samples were filtered through glass
fibre membranes (0.7 pm) and diluted with H,O to achieve a final
MeOH concentration of <5%, ready for SPE.

During the development process, extraction temperatures of 30,
50, 70, 90, 110 and 130 °C were tested. Extraction solvent compo-
sitions of 25:75, 50:50 and 75:25 MeOH:H,0 and sample masses of
0.5, 1.0 and 2.0 g were also investigated. When trialling different
extraction solvent compositions, all samples were diluted to
500 mL using HO0 to avoid varying amounts of MeOH in the extract
having any influence on SPE recovery. To validate the method and
determine recoveries, samples were spiked at concentration levels
of 25, 50 and 125 ng g~ . All analysis was performed in triplicate.

2.4. Solid phase extraction

An existing SPE protocol was applied as it was known to be
successful for the simultaneous extraction of all micropollutants
investigated here [23]. Oasis HLB cartridges were conditioned using
2 mL MeOH followed by 2 mL H;O at a flow rate of 1 mL min~ L
Samples were then loaded at a constant flow rate of 5 mL min~!
and dried under vacuum. Analytes were then eluted using 4 mL
MeOH at a flow rate of 1 mL min~'. These extracts were dried under
nitrogen at 40 °C using a TurboVap evaporator (Caliper, UK, <5 psi).

Dried extracts were reconstituted in 500 pL 80:20H,0:MeOH,
filtered through pre-LC-MS 0.2 pm PTFE filters (Whatman, Pur-
adisc) and transferred to polypropylene vials (Waters, Manchester,
UK) ready for UHPLC-MS/MS analysis.

2.5. Ultra-high-performance liquid chromatography tandem mass
spectrometry

Two chromatography methods were used to ensure maximum
sensitivity was achieved for the varied range of micropollutants
studied [23]. Acidic micropollutants were separated using a
gradient of 1 mM NHy4F in 80:20H,0:MeOH (mobile phase A) and
1 mM NH4F in 5:95H,0:MeOH (mobile phase B). Initial conditions
of 100% A were maintained for 0.5 min before reducing to 40% over
2 min and further reduced to 0% over 5.5 min. This was maintained
for 6 min before returning to starting conditions which were
maintained for 8.4 min to re-equilibrate the column.

For basic micropollutants, separation was achieved using 5 mM
NH40Ac and 3 mM CH3COOH in 80:20H,0:MeOH (mobile phase A)
and MeOH (mobile phase B). Starting conditions of 100% A were
reduced to 10% over 20 min and maintained for a further 6 min.
Following this, mobile phase conditions were returned to starting
conditions and held for 7.5 min for re-equilibration. Both methods
utilised a reversed-phase BEH C18 column (150 x 1.0 mm, 1.7 pm
particle size) (Waters, Manchester, UK) fitted with a 0.2 um, 2.1 mm
in-line prefilter to remove particulates using a Waters Acquity UPLC
system (Waters, Manchester, UK). The column was maintained at
40 °C and the mobile phase flow rate was 0.04 mL min~. The in-
jection volume for both methods was 15 pL.

The UPLC system was coupled to a Xevo TQD Triple Quadrupole
Mass Spectrometer (Waters, Manchester, UK), equipped with an
electrospray ionisation (ESI) source. Acidic micropollutants were
analysed in negative ionisation mode (ESI -) with a capillary voltage

Plants frozen at -20 °C

Left for 2 h

Sample preparation

Frozen plants freeze dried and homogenized
0.5 g samples spiked with 50 ng internal standards

for 30 min

using H,0

Extraction: MAE

e Extraction at 50 °C using 25 mL 75:25 H,0:MeOH

*  Extracts filtered (0.7 um) and diluted to 5 % MeOH

~

Clean-up: Oasis HLB SPE
Cartridges conditioned 2 mL MeOH then 2 mL H,O
Samples loaded at 5 mL min” and dried
Elution using 4 mL MeOH
Extracts dried and reconstituted in 80:20 H,0:MeOH

A 4

Analysis of acidic analytes: UHPLC-MS/MS

* Reverse phase C 4 column (150 x 1.0 mm; particle
size 1.7 um)

*  Gradient using 1 mM NH F in 80:20 H,0:MeOH (4)
and 1 mM NH,F in 95:5 MeOH:H,0 (B)

e 100 %A (0.5 min) — 40 % (2 min) — 0 % (5.5 min)

— 0% (6 min) — 100 % (0.1 min) — 100 % (8.4

min)

Column temperature 25 °C

Column starting pressure 8,500 psi

Sample manager 4 °C

Injection volume 15 uL

Analysis in ESI — mode

Total run time 22.5 min

Analysis of basic analytes: UHPLC-MS/MS
* Reverse phase C g column (150 x 1.0 mm; particle
size 1.7 um)
*  Gradient using 5 mM NH,OAc and 5 mM CH;COOH
in H,0 (4) and MeOH (B)
e 100%A— 10 % (20 min) — 10 % (6 min) — 100 %
(0.5 min) — 100 % (7.5 min)

Column temperature 25 °C
Column starting pressure 8,000 psi
Sample manager 4 °C

Injection volume 15 uL

Analysis in ESI + mode

Total run time 34.0 min

Fig. 1. Overview of developed analytical protocol used to determine target micropollutants in P. australis.
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of 3.20 kV. Basic micropollutants were analysed in positive ion-
isation mode (ESI +) with a capillary voltage of 3.00 kV. The opti-
mised MS/MS transitions can be found in Table S2. In both methods
the source temperature was 150 °C whilst the desolvation tem-
perature was 400 °C. A cone gas flow of 100 L h~'and a desolvation
gas flow of 550 L h~! was used. Finally, the nebulising and des-
olvation gases were nitrogen, and the collision gas was argon. An
overview of the entire analytical protocol is detailed in Fig. 1.

3. Results and discussion

3.1. Ultra-high-performance liquid chromatography tandem mass
spectrometry

The UHPLC-MS/MS method applied in this study was previously
developed and optimised for the studied micropollutants as
described in Petrie at al [23]. Briefly, instrument detection limits
(IDLs) ranged from 0.01 to 1.16 ng mL~! and instrument quantita-
tion limits (IQLs) from 0.04 to 5.79 ng mL~! (Table 1). A 17 level

micropollutants exhibiting linearity between the IQL and
500 ng mL~! with r? of >0.997 (Table 1). Most micropollutants
demonstrated intra- and inter-day precision of <10% (Table S3).
Accuracy generally ranged from 90 to 110% both within the same
day and between different days (Table S4). For further discussion on
the instrument validation please refer to Petrie et al. [23]. To ensure
quality of data, standard tolerances of ion ratio and chromato-
graphic retention time were employed throughout the study [24].

3.2. Microwave assisted extraction method development

From previous experience and a review of the literature
[21—23], three extraction parameters were considered to have the
greatest impact on analyte recovery using MAE: (i) extraction
temperature, (ii) extraction solvent composition, and (iii) sample
mass. Therefore these were the focus of investigation during the
development process.

Previously developed MAE methods for the extraction of
micropollutants from solid environmental matrices (wastewater

calibration curve was prepared with the majority of sludge, sediments and soils) have used extraction temperatures
Table 1
Instrument detail of studied micropollutants including instrument detection and quantitation limits (n = 81, ordered by micropollutant class).
Micropollutant class Micropollutant Rt ESI Corresponding internal Linearity IDLg/n 1QLs)n
(min) mode  standard” Range ) (ng mL~1") (ng mL~1")
(ng mL™")
UV filters Benzophenone-1 9.6 — Bisphenol A-D16 0.06—500 0.995 0.01 0.06
Benzophenone-2 7.9 - Bisphenol A-D16 0.05—-500 0.998 0.01 0.05
Benzophenone-3 21.2 + Methadone-D9 0.05—400 0.990 0.01 0.05
Benzophenone-4 6.9 — Methylparaben-13C 1.01-500 0.993 0.31 1.01
Parabens Methylparaben 7.5 — Methylparaben-13C 0.06—500 1.000 0.01 0.06
Ethylparaben 8.3 - Naproxen-D3 0.11-500 0.997 0.03 0.11
Propylparaben 9.2 - Naproxen-D3 0.12—400 0.998 0.04 0.12
Butylparaben 10.1 — Naproxen-D3 0.06—500 0.999 0.01 0.06
Plasticizer Bisphenol-A 9.0 - Bisphenol A-D16 0.10-500 0.998 0.03 0.10
Steroid estrogens E1l 9.8 - E1-D4 0.49—500 0.999 0.10 0.49
E2 9.7 — E2-D4 0.47—500 0.999 0.09 047
EE2 9.8 - E2-D4 0.48—500 0.995 0.10 0.48
Antibacterials/antibiotics Sulfasalazine 7.1 - Naproxen-D3 0.90-500 0.996 0.27 0.90
Clarithromycin 18.9 + Methadone-D9 0.06—500 1.000 0.01 0.06
Azithromycin 14.0 + EDDP-D3 0.11-500 0.999 0.03 0.11
Trimethoprim 8.4 —+ Methamphetamine-D5 0.10-500 0.999 0.03 0.10
Sulfamethoxazole 9.6 + Benzoylecgonine-D8 0.10-500 0.999 0.03 0.10
Hypertension Valsartan 7.6 — Naproxen-D3 1.12-500 0.993 0.34 1.12
Irbesartan 8.6 - Bisphenol A-D16 0.50-500 0.998 0.10 0.50
NSAIDs Ketoprofen 7.7 - Ketoprofen-D3 0.54—500 0.998 0.11 0.54
Ibuprofen 9.8 — Ibuprofen-D3 0.05—500 0.999 0.01 0.05
Naproxen 8.1 - Naproxen-D3 0.49-500 0.998 0.10 0.49
Diclofenac 9.0 - Naproxen-D3 0.10-500 0.995 0.03 0.10
Acetaminophen 5.1 + Acetaminophen-D4 0.54-500 0.999 0.11 0.54
Lipid regulators Bezafibrate 7.9 - Bezafibrate-D6 0.10—-500 1.000 0.03 0.10
Atorvastatin 9.3 - Naproxen-D3 0.05-500 0.990 0.01 0.05
Diabetes Gliclazide 17.8 + CBZ-13C6 0.05—500 0.998 0.01 0.05
Antihistamines Fexofenadine 8.4 — Bisphenol A-D16 0.09-500 0.998 0.03 0.09
Cetirizine 18.7 + Temazepam-D5 0.08—500 1.000 0.02 0.08
Cough suppressant Pholcodine 3.7 + Atenolol-D7 1.14-500 0.994 0.35 1.14
Beta-blocker Atenolol 4.3 + Atenolol-D7 0.10-500 1.000 0.03 0.10
Metoprolol 11.2 + Metoprolol-D7 0.05—-500 0.999 0.01 0.05
Propranolol 15.1 + Propranolol-D7 0.09-500 0.999 0.03 0.09
H, receptor agonists Ranitidine 4.6 + Cotinine-D3 5.17-500 0.998 1.03 5.17
Cimetidine 53 + Codeine-D6 0.52—-500 0.998 0.10 0.52
X-ray contrast media lopromide 4.9 —+ Atenolol-D7 5.79-500 0.990 1.16 5.79
Drug precursor and metabolite Ephedrine/pseudoephedrine 7.2 + 1S,2R-(+) Ephedrine-D3 0.10-500 1.000 0.03 0.10
Norephedrine® 6.3 + 1S,2R-(+) Ephedrine-D3 0.50—-500 0.999 0.01 0.50
Anti-cancer Azathioprine 7.8 + Cotinine-D3 0.10-500 0.998 0.03 0.10
Methotrexate 79 + Amphetamine-D5 0.92—-500 0.996 0.28 0.92
Ifosfamide 12.7 + Metoprolol-D7 0.05—-500 0.999 0.01 0.05
Anaesthetic and metabolite Ketamine 10.6 + Ketamine-D4 0.05—-500 0.999 0.01 0.05
Norketamine® 11.1 + Norketamine-D4 0.10-500 0.999 0.03 0.10
Anti-depressants and Venlafaxine 141 + Metoprolol-D7 0.04-500 1.000 0.01 0.04
metabolites Desmethylvenlafaxine® 10.8 + Metoprolol-D7 0.10—-500 0.998 0.03 0.10
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Micropollutant class Micropollutant Rt ESI Corresponding internal Linearity IDLs)n IQLs/n
(min) mode  standard® Range 2 (ng mL™1) (ng mL™1)
(ng mL~ 1)
Mirtazapine 135 —+ Mirtazapine-D3 0.05-500 0.999 0.01 0.05
Citalopram 15.1 + Citalopram-D6 0.50—-500 0.999 0.05 0.50
Desmethylcitalopram® 15.2 + Citalopram-D6 0.05-500 0.999 0.01 0.05
Anti-epileptic and metabolites CBZ 16.2 + CBZ-13C6 0.05—-500 1.000 0.01 0.05
CBZ 10,11-epoxide® 13.5 + CBZ-13C6 0.10—-500 0.998 0.03 0.10
10,11-Dihydro-10-hydroxy ~ 13.5 + CBZ-13C6 0.50—500 0.999 0.05 0.50
CBzZ*
Human indicators Nicotine 33 + Codeine-D6 1.00-500 0.996 0.30 1.00
Caffeine 8.3 + Cotinine-D3 0.50—500 0.999 0.10 0.50
Cotinine® 7.2 + Cotinine-D3 0.05-500 0.999 0.01 0.05
Calcium channel blocker Diltiazem 16.7 + CBZ-13C6 0.10-500 0.999 0.01 0.10
Hypnotic Temazepam 18.2 + Temazepam-D5 0.05—-500 0.999 0.01 0.05
Anti-psychotic Quetiapine 18.2 + Quetiapine-D8 0.05-500 0.999 0.01 0.05
Veterinary Tylosin 17.6 —+ Methadone-D9 0.56—500 0.997 0.11 0.56
Analgaesics and metabolites ~ Morphine 35 + Morphine-D3 1.00—500 0.997 0.30 1.00
Dihydromorphine® 33 + Morphine-D3 0.05-500 0.998 0.01 0.05
Normorphine® 34 + Morphine-D3 1.00—-500 0.997 0.30 1.00
Methadone 17.6 + Methadone-D9 0.05—-400 0.998 0.01 0.05
EDDP* 14.8 + EDDP-D3 0.05—-500 0.999 0.01 0.05
Codeine 6.1 + Codeine-D6 0.50—500 0.999 0.10 0.50
Norcodeine® 6.5 + Codeine-D6 1.00-500 0.999 0.30 1.00
Dihydrocodeine® 5.5 + Codeine-D6 0.10—-500 0.999 0.03 0.10
Tramadol 11.0 + Metoprolol-D7 1.00—-500 0.999 0.01 1.00
N-desmethyltramadol® 119 + Cocaine-D3 0.50-500 0.999 0.01 0.50
O-desmethyltramadol® 8.3 + MDA-D5 1.00—400 0.997 0.01 1.00
Stimulants and metabolites Amphetamine 8.4 + Amphetamine-D5 0.10-500 0.999 0.03 0.10
Methamphetamine 8.5 + Methamphetamine-D5 0.10-500 0.999 0.03 0.10
MDMA 8.6 + MDMA-D5 0.05—-500 1.000 0.01 0.05
MDA?* 8.6 + MDA-D5 0.10—-500 0.999 0.03 0.10
Cocaine 11.3 + Cocaine-D3 0.05-500 1.000 0.01 0.05
Benzoylecgonine® 9.7 + Benzoylecgonine-D8 0.05—-500 0.998 0.01 0.05
AEME? 3.5 + Acetaminophen-D4 0.50—-500 0.997 0.10 0.50
Cocaethylene® 129 + Cocaethylene-D3 0.05-500 1.000 0.01 0.05
Mephedrone 9.8 + Mephedrone-D3 0.05-500 0.998 0.01 0.05
MDPV 121 + Cocaethylene-D3 0.05—-500 0.999 0.01 0.05
Opioid and metabolite Heroin 109 + Heroin-D9 0.50-500 0.999 0.10 0.50
6-acetylmorphine® 7.7 + Cotinine-D3 0.10-500 0.998 0.03 0.10

Key: Rt, retention time; ESI, electro-spray ionisation; IDL, instrument detection limit; IQL, instrument quantitation limit; E1, estrone; E2, 17B-estradiol; EE2, 17a-ethiny-
lestradiol; CBZ, carbamazepine; EDDP, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine; MDMA, 3,4-methylenedioxy-methamphetamine; MDA, 3,4-methylenedioxy-
amphetamine; AEME, anhydroecgonine methylester; MDPV, methylenedioxypyrovalerone.

¢ Metabolite.

b Micropollutants without their own labelled internal standard are considered semi-quantitative [24].

ranging from 87 to 150 °C, depending on the matrix and solvent
used for extraction [21,25]. In our study, extraction temperatures of
30, 50, 70, 90, 110 and 130 °C were investigated. An extraction of
temperature of 50 °C was found to give the highest recovery for the

majority of micropollutants (52 of 81) (Fig. 2). This temperature is
lower than previously developed MAE methods for other envi-
ronmental matrices (sludge, sediments and soils) [21-23,25,26].

Poorer recovery at >70 °C was attributed to increased matrix
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Fig. 2. Number of compounds exhibiting highest recovery at varying: temperature (a), extraction solvent composition (b) and sample mass (c) in ESI — (n = 20) and ESI + (n = 61)

ionisation modes.
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Fig. 4. Matrix suppression of studied micropollutants in P. australis extracts (ordered
by micropollutant class — see Table 1). Key: E1, estrone; E2, 17-estradiol; EE2, 17a-
ethinylestradiol; CBZ, carbamazepine; EDDP, 2-ethylidene-1,5-dimethyl-3,3-
diphenylpyrrolidine; MDMA, 3,4-methylenedioxy-methamphetamine; MDA, 3,4-
methylenedioxy-amphetamine; AEME, anhydroecgonine methylester; MDPV,
methylenedioxypyrovalerone.

suppression of analyte signal strength (over lower extraction re-
covery) caused by increasingly heterogeneous extracts as temper-
ature was increased. This could be overcome by using more
selective SPE sorbents. However, this would require more than one
SPE protocol to encompass the range of micropollutants studied
here. Micropollutants which are not thermally stable may also
degrade at higher extraction temperatures [16]. Nevertheless,
simultaneous extraction and satisfactory recovery of all micro-
pollutants was achieved using the non-selective HLB sorbent at an
extraction temperature of 50 °C.

In contrast to temperature, the solvent compositions tested for
extraction had less impact to micropollutant recovery (Fig. 2). A
solvent mixture containing MeOH:H,O (and in some cases buffers/
salts added) is a popular choice for extraction [21—23], and is easily
made compatible with the SPE method applied. Other solvents such
as hexane can be used, but it is considered to enhance the extrac-
tion of hydrophobic constituents which can increase matrix



Table 2

Method detection and quantitation limits of studied micropollutants in P. australis

(n = 81, ordered by micropollutant class).
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Micropollutant class Micropollutant MDL MQL
(ngg'dry (ngg'dry
weight) weight)

UV filters Benzophenone-1 0.13 0.78

Benzophenone-2 0.21 1.06
Benzophenone-3 0.20 1.01
Benzophenone-4 1.76 5.74
Parabens Methylparaben 0.08 0.49
Ethylparaben 0.21 0.77
Propylparaben 0.24 0.72
Butylparaben 0.06 0.34
Plasticizer Bisphenol-A 0.39 1.30
Steroid estrogens  E1 1.89 9.27
E2 1.69 8.85

EE2 2.68 12.88

Antibacterials/ Sulfasalazine 3.17 10.57
antibiotics Clarithromycin 0.06 0.35
Azithromycin 0.45 1.67
Trimethoprim 0.11 0.37
Sulfamethoxazole 0.14 0.45
Hypertension Valsartan 2.76 9.08
Irbesartan 1.43 7.15
NSAIDs Ketoprofen 0.69 3.37
Ibuprofen 0.02 0.12
Naproxen 0.51 249
Diclofenac 0.12 0.40

Acetaminophen 3.01 14.79
Lipid regulators Bezafibrate 0.12 0.39
Atorvastatin 0.04 0.19
Diabetes Gliclazide 0.06 030
Antihistamines Fexofenadine 0.58 1.75
Cetirizine 0.10 0.41

Cough suppressant Pholcodine 4.94 16.08
Beta-blocker Atenolol 0.25 0.82
Metoprolol 0.03 0.13
Propranolol 0.30 0.89

H; receptor agonists Ranitidine 4.71 23.64
Cimetidine 0.29 1.49

X-ray contrast lopromide 7.14 35.62

media

Drug precursor and Ephedrine/ 0.38 1.27

metabolite pseudoephedrine
Norephedrine® 0.20 10.10
Anti-cancer Azathioprine 0.13 0.43
Methotrexate 9.84 32.33
Ifosfamide 0.04 0.20
Anaesthetic and Ketamine 0.04 0.18
metabolite Norketamine® 0.10 0.34
Anti-depressants Venlafaxine 0.05 0.18
and metabolites Desmethylvenlafaxine® 0.09 0.29
Mirtazapine 0.11 0.55
Citalopram 0.60 6.02
Desmethylcitalopram®  0.15 0.76
Anti-epilepticand CBZ 0.06 0.30
metabolites CBZ 10,11-epoxide” 0.11 0.38
10,11-Dihydro-10- 0.15 1.54
hydroxy CBZ*

Human indicators  Nicotine 0.86 2.85

Caffeine 0.78 3.88
Cotinine® 0.06 0.32

Calcium channel Diltiazem 0.12 1.21

blocker

Hypnotic Temazepam 0.07 0.34

Anti-psychotic Quetiapine 0.17 0.83

Veterinary Tylosin 0.68 3.44

Analgaesics and Morphine 3.02 10.06

metabolites Dihydromorphine® 0.33 1.65
Normorphine® 12.71 42.38
Methadone 0.11 0.57
EDDP* 0.10 0.48
Codeine 0.22 1.11
Norcodeine® 1.01 3.37
Dihydrocodeine® 0.08 0.26
Tramadol 0.03 3.07
N-desmethyltramadol®  0.04 2.09

Table 2 (continued )

Micropollutant class Micropollutant MDL MQL
(ngg'dry (ngg 'dry
weight) weight)

O-desmethyltramadol®  0.02 2.36

Stimulants and Amphetamine 0.21 0.70

metabolites Methamphetamine 0.15 0.51
MDMA 0.04 0.19
MDA? 0.10 0.33
Cocaine 0.04 0.20
Benzoylecgonine® 0.04 0.22
AEME? 2.72 13.61
Cocaethylene® 0.05 0.25
Mephedrone 0.06 0.30
MDPV 0.06 0.30
Opioid and Heroin 0.45 2.25
metabolite 6-acetylmorphine® 0.07 0.23

Key: MDL, method detection limit; MQL, method quantitation limit; E1, estrone; E2,
17B-estradiol; EE2, 17a-ethinylestradiol; CBZ, carbamazepine; EDDP, 2-ethylidene-
1,5-dimethyl-3,3-diphenylpyrrolidine; MDMA, 3,4-methylenedioxy-methamphet-
amine; MDA, 3,4-methylenedioxy-amphetamine; AEME, anhydroecgonine meth-
ylester; MDPV, methylenedioxypyrovalerone.

2 Metabolite.

suppression considerably [18]. The MeOH:H,O ratios trialled were
25:75, 50:50 and 75:25. Using 25 mL of 25:75 MeOH:H,0 gave the
highest recovery for the highest number of compounds (Fig. 2).
Although the gains were marginal (few percent), it was also ad-
vantageous to use 25:75 MeOH: H,0 for sample processing as a
lower volume of H,0 was required for dilution prior to SPE. This
kept the analysis time required for SPE to a minimum.

When developing an extraction method for environmental
matrices, it is essential to determine the greatest sample volume or
mass which yields maximum recovery. This ensures maximum
sensitivity of the method can be achieved. Of the three masses
tested (0.5, 1.0 and 2.0 g), a sample mass of 0.5 g gave the highest
recovery. This is similar to previously reported MAE methods
developed for environmental matrices (Fig. 2) [21,23,26]. Poorer
recovery was observed at sample masses of 1.0 and 2.0 g which is
likely to be caused by increased matrix suppression and/or satu-
ration of the HLB sorbent due to higher quantities of co-extractives.
It can be expected that some improvement in recovery will be
achieved at lower sample masses. However, 0.5 g ensured adequate
sensitivity (with the recovery achieved) for the low ng g~! con-
centrations of micropollutants anticipated to be found in P. australis
here. Throughout the development process, no difference in trend
was observed between micropollutants determined in ESI - or
ESI + modes for the extraction variables studied (Fig. 2).

3.3. Method validation

To validate the method, micropollutant recovery was deter-
mined by spiking samples in triplicate at 25, 50 and 125 ng g~ .
Absolute recoveries (i.e., not accounting for the internal standard
response) of the 81 studied micropollutants ranged from 2.4% to
45.1% (Fig. 3). Selection of internal standards for micropollutants
which did not have their own deuterated or C13 analogues avail-
able was based on structural similarity and chromatographic
retention time to best account for matrix suppression. Corrected
recovery/method accuracy (i.e., analyte losses accounted for using
internal standards) ranged from 15% for normorphine to 174% for
10,11-dihydro-10-hydroxycarbamazepine, with the majority of
compounds exhibited corrected recoveries in the range 80—120%
(Fig. 3, Table S5). This range of recoveries is typical for multi-residue
methods investigating a high number of micropollutants (>50) in
environmental matrices [23,27,28]. The overall precision of the
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method was generally within +20% (Fig. 3, Table S6).

Matrix suppression (%) of analyte signal strength was quantified
by comparing extracted samples spiked post SPE and non-spiked
samples with the standard solution used for spiking:

_ PAspiked ex — PA ex
Ms = PA std (1)

Where PA spiked ex is the peak area of the spiked extract post
SPE, PA ex is the peak area of the extract (not spiked) and PA std is
the peak area of the standard solution used for spiking. Therefore
suppression of 0% shows no matrix suppression and complete
suppression would be 100%. All compounds were subject to sup-
pression which ranged from 10% to 93% (Fig. 4, Table S7). In general,
lower signal suppression was observed for micropollutants deter-
mined in ESI - mode. These levels of signal suppression are typical
of previously reported multi-residue methods investigating
micropollutants in other solid environmental matrices [22,23,29].
Again, this was a result of extracting environmental matrices using
the non-selective HLB sorbent. Nevertheless it was essential for the
simultaneous extraction of the broad range of micropollutants
studied. This also demonstrates that the use of labelled internal
standards to correct for matrix suppression as well as analyte losses

x 100

1004

during sample preparation was essential.

To determine the method's sensitivity, method detection limits
(MDLs, ng g~ 1) and MQLs (ng g~ ') were calculated according to
[22]:

SxIDLx 100
MDL = Abs Rec x CF (2)
_ SxIQL x100
MQL = Abs Rec x CF 3)

S is the volume of solvent used for extraction (mL) divided by
the mass of sample (g). IDL and IQL are the instrument detection
and quantitation limits, respectively (ng mL~1!). Abs Rec is the ab-
solute recovery of the method (%) and CF is the concentration factor.

MDLs were <1 ng g~ ! for 65 of the 81 micropollutants studied,
demonstrating the sensitivity of the method developed (Table 2).
The corresponding MQLs ranged from 0.2 to 42.4 ng g~ ! with the
majority of compounds being <5 ng g~ L. These MQLSs are similar to
other MAE methods used to extract organic micropollutants from
digested sludge [22,23,26,30] and sediments [25,26]. From the very
limited data available on the level of micropollutants in macro-
phytes used to treat municipal wastewater [19,20], the reported
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MQLs are adequately sensitive for their determination at concen-
trations expected to be found in the field.

3.4. Method application

The developed method was applied to determine the concen-
tration of micropollutants in P. australis from a constructed wetland
treating secondary municipal (trickling filter) effluent in the UK. A
total of eight plants were collected over four consecutive days. Of
the 81 micropollutants investigated, 17 were found above their
respective MQL at least once (Fig. 5). These compounds were
methylparaben, bisphenol-A, propranolol, ketamine, venlafaxine,
mirtazapine, carbamazepine, diltiazem, caffeine, methadone, tra-
madol and MDMA, as well as the metabolites norketamine,

400 4

300 A

200 4

100 A

Concentration (ng g dry weight)

ylparaben

150

100

50 4

Concentration (ng g dry weight)

Propranolol

desvenlafaxine, carbamazepine 10,11 epoxide, EDDP and N-des-
methyltramadol. Such micropollutants are commonly found in
trickling filter effluents in the UK [2].

Mean concentrations (n = 8 plants) of the 17 detected micro-
pollutants ranged from <5 ng g~! for desvenlafaxine, diltiazem, and
EDDP to 197 + 84 ng g~ ! for methylparaben (Fig. 6). There was no
apparent difference in micropollutant concentration from
P. australis collected close to the inlet and outlet of the constructed
wetland. There is a paucity of information on the concentration of
micropollutants found in emergent macrophytes such as P. australis
used to treated municipal wastewater. Hijosa-Valsero et al. [20]
measured the concentration of the pharmaceuticals ibuprofen,
naproxen and salicylic acid in the roots of P. australis. Concentra-
tions in roots ranged from 100 to 2500 ng g~' fresh weight. The
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Fig. 6. Concentration of micropollutants found in P. australis collected from constructed wetland treating secondary (trickling filter) effluent (Table S8). Key: MQL, method
quantitation limit; CBZ, carbamazepine; EDDP, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine; MDMA, 3,4-methylenedioxy-methamphetamine.
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comparatively higher concentrations in their study is attributed to
the likelihood that these compounds were present in the receiving
wastewater for treatment at greater concentrations. The receiving
wastewater was settled sewage (post primary treatment) whereas
our study treated secondary effluent (post trickling filter treat-
ment). However, within plant variations in concentration may also
contribute to this difference as in our study the whole plant was
investigated (roots, stem and leaves). Future application of the
method will address this issue by investigating micropollutant
concentrations throughout the various sections of the plant.
Furthermore, several of the detected micropollutants are chiral in
nature. It is postulated that enantiomers of the same chiral com-
pounds will be taken up, transported and metabolised within
P. australis at different rates. The pesticide isofenphos-methyl has
been found to be metabolised stereoselectively in the vegetable pak
choi [31].

Interestingly, several of the micropollutants found in P. australis
such as carbamazepine and ketamine are poorly removed by con-
ventional secondary wastewater treatment processes such as
trickling filters and activated sludge [2]. Their presence in
P. australis indicates uptake is a viable removal pathway for these
normally recalcitrant compounds. Furthermore, the occurrence of
their metabolites carbamazepine 10,11 epoxide and norketamine
suggests that metabolism of the parent micropollutant may also
occur within the plant. The determination of metabolites has been
previously used to suggest that metabolism of carbamazepine
within plants such as vegetables [32,33] and other macrophytes
(Cattail) [34] takes place. Depending on their rate of uptake and
metabolism by P. australis, constructed wetlands could be suc-
cessful for the removal of these normally recalcitrant micro-
pollutants from wastewater. The focus of future work will be to
establish a complete process mass balance of the constructed
wetland for all micropollutants. This will enable the performance of
the constructed wetland for micropollutant removal to be assessed
whilst determining the dominant mechanisms of removal for each
individual compound.

4. Conclusion

A new multi-residue method was developed and validated for
the determination of 81 organic micropollutants including me-
tabolites in the emergent macrophyte P. australis. The use of MAE,
off-line SPE and UHPLC-MS/MS achieved MQLs <5 ng g~ ' for the
majority of studied compounds. Application of the method found
17 micropollutants at concentrations up to 200 ng g~ ! in P. australis
collected from constructed wetlands treating municipal waste-
water. Other than uptake, the determination of several metabolites
indicates plant metabolism may occur. This method will be used to
further investigate the role of phytoremediation in the removal of
micropollutants by constructed wetlands.

Acknowledgements

The support of Wessex Water and the University of Bath's EPSRC
Impact Acceleration Account (Project number: EP/K503897/1 and
ZR-Z0248) is greatly appreciated. The authors' would like to thank
Matthew Davies for his help collecting samples. All data supporting
this study are provided as supporting information accompanying
this paper.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.aca.2016.12.042.

References

[1] S.R. Hughes, P. Kay, L.E. Brown, Global synthesis and critical evaluation of
pharmaceutical data sets collected from river systems, Environ. Sci. Technol.
47 (2013) 661-677, http://dx.doi.org/10.1021/es3030148.

B. Petrie, R. Barden, B. Kasprzyk-Hordern, A review on emerging contaminants

in wastewaters and the environment: current knowledge, understudied areas

and recommendations for future monitoring, Water Res. 72 (2014) 3-27,

http://dx.doi.org/10.1016/j.watres.2014.08.053.

K.A. Kidd, P.J. Blanchfield, K.H. Mills, V.P. Palace, R.E. Evans, ].M. Lazorchak, et

al., Collapse of a fish population after exposure to a synthetic estrogen, Proc.

Natl. Acad. Sci. U. S. A. 104 (2007) 8897—8901.

P. Verlicchi, E. Zambello, How efficient are constructed wetlands in removing

pharmaceuticals from untreated and treated urban wastewaters? A review,

Sci. Total Environ. 470—471 (2014) 1281-1306, http://dx.doi.org/10.1016/

j.scitotenv.2013.10.085.

[5] P.N. Carvalho, M.C.P. Basto, CM.R. Almeida, H. Brix, A review of plant—-

pharmaceutical interactions: from uptake and effects in crop plants to phy-

toremediation in constructed wetlands, Environ. Sci. Pollut. Res. 21 (2014)

11729-11763, http://dx.doi.org/10.1007/s11356-014-2550-3.

V. Matamoros, .M. Bayona, Elimination of pharmaceuticals and personal care

products in subsurface flow constructed wetlands, Environ. Sci. Technol. 40

(2006) 5811—5816, http://dx.doi.org/10.1021/es0607741.

N. Park, BJJ. Vanderford, S.A. Snyder, S. Sarp, S.D. Kim, ]. Cho, Effective controls

of micropollutants included in wastewater effluent using constructed wet-

lands under anoxic condition, Ecol. Eng. 35 (2009) 418—423, http://dx.doi.org/
10.1016/j.ecoleng.2008.10.004.

C. Reyes-Contreras, M. Hijosa-Valsero, R. Sidrach-Cardona, ]J.M. Bayona,

E. Bécares, Temporal evolution in PPCP removal from urban wastewater by

constructed wetlands of different configuration: a medium-term study, Che-

mosphere 88 (2012) 161-167, http://dx.doi.org/10.1016/
j.chemosphere.2012.02.064.

C. Avila, J.M. Bayona, 1. Martin, JJ. Salas, ]. Garcia, Emerging organic contam-

inant removal in a full-scale hybrid constructed wetland system for waste-

water treatment and reuse, Ecol. Eng. 80 (2015) 108—116, http://dx.doi.org/
10.1016/j.ecoleng.2014.07.056.

[10] V. Matamoros, Y. Rodriguez, ]. Albaigés, A comparative assessment of inten-
sive and extensive wastewater treatment technologies for removing
emerging contaminants in small communities, Water Res. 88 (2016)
777-785, http://dx.doi.org/10.1016/j.watres.2015.10.058.

[11] P.N. Carvalho, M.C.P. Basto, C.M.R. Almeida, Potential of Phragmites australis
for the removal of veterinary pharmaceuticals from aquatic media, Bioresour.
Technol. 116 (2012) 497-501, http://dx.doi.org/10.1016/
j.biortech.2012.03.066.

[12] H. Cui, B.A. Hense, J. Miiller, P. Schroder, Short term uptake and transport
process for metformin in roots of Phragmites australis and Typha latifolia,
Chemosphere 134 (2015) 307-312, http://dx.doi.org/10.1016/
j.chemosphere.2015.04.072.

[13] A. Sauvétre, P. Schroder, Uptake of carbamazepine by rhizomes and endo-
phytic bacteria of Phragmites australis, Front. Plant Sci. 6 (2015), http://
dx.doi.org/10.3389/fpls.2015.00083.

[14] D. Calderén-Preciado, C. Jiménez-Cartagena, G. Penuela, ].M. Bayona, Devel-
opment of an analytical procedure for the determination of emerging and
priority organic pollutants in leafy vegetables by pressurized solvent extrac-
tion followed by GC—MS determination, Anal. Bioanal. Chem. 394 (2009)
1319-1327, http://dx.doi.org/10.1007/s00216-009-2669-0.

[15] T.L. Jones-Lepp, C.A. Sanchez, T. Moy, R. Kazemi, Method development and
application to determine potential plant uptake of antibiotics and other drugs
in irrigated crop production systems, ]. Agric. Food Chem. 58 (2010)
11568—11573, http://dx.doi.org/10.1021/jf1028152.

[16] V. Matamoros, D. Calder6n-Preciado, C. Dominguez, J.M. Bayona, Analytical
procedures for the determination of emerging organic contaminants in plant
material: a review, Anal. Chim. Acta 722 (2012) 8-20, http://dx.doi.org/
10.1016/j.aca.2012.02.004.

[17] X. Wu, J.L. Conkle, J. Gan, Multi-residue determination of pharmaceutical and
personal care products in vegetables, ]. Chromatogr. A 1254 (2012) 78—86,
http://dx.doi.org/10.1016/j.chroma.2012.07.041.

[18] X. Wu, LK. Dodgen, J.L. Conkle, J. Gan, Plant uptake of pharmaceutical and
personal care products from recycled water and biosolids: a review, Sci. Total
Environ. 536 (2015) 655—666, http://dx.doi.org/10.1016/
j.scitotenv.2015.07.129.

[19] EM. Zarate, S.E. Schulwitz, KJ. Stevens, BJ. Venables, Bioconcentration of
triclosan, methyl-triclosan, and triclocarban in the plants and sediments of a
constructed wetland, Chemosphere 88 (2012) 323—329, http://dx.doi.org/
10.1016/j.chemosphere.2012.03.005.

[20] M. Hijosa-Valsero, C. Reyes-Contreras, C. Dominguez, E. Bécares, ].M. Bayona,
Behaviour of pharmaceuticals and personal care products in constructed
wetland compartments: influent, effluent, pore water, substrate and plant
roots, Chemosphere 145 (2016) 508—517, http://dx.doi.org/10.1016/
j.chemosphere.2015.11.090.

[21] N. Dorival-Garcia, A. Zafra-Gémez, FJ. Camino-Sanchez, A. Navaldn,
J.L. Vilchez, Analysis of quinolone antibiotic derivatives in sewage sludge
samples by liquid chromatography-tandem mass spectrometry: comparison
of the efficiency of three extraction techniques, Talanta 106 (2013) 104—118,

[2

3

[4

(6

17

[8

19


http://dx.doi.org/10.1016/j.aca.2016.12.042
http://dx.doi.org/10.1016/j.aca.2016.12.042
http://dx.doi.org/10.1021/es3030148
http://dx.doi.org/10.1016/j.watres.2014.08.053
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref3
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref3
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref3
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref3
http://dx.doi.org/10.1016/j.scitotenv.2013.10.085
http://dx.doi.org/10.1016/j.scitotenv.2013.10.085
http://dx.doi.org/10.1007/s11356-014-2550-3
http://dx.doi.org/10.1021/es0607741
http://dx.doi.org/10.1016/j.ecoleng.2008.10.004
http://dx.doi.org/10.1016/j.ecoleng.2008.10.004
http://dx.doi.org/10.1016/j.chemosphere.2012.02.064
http://dx.doi.org/10.1016/j.chemosphere.2012.02.064
http://dx.doi.org/10.1016/j.ecoleng.2014.07.056
http://dx.doi.org/10.1016/j.ecoleng.2014.07.056
http://dx.doi.org/10.1016/j.watres.2015.10.058
http://dx.doi.org/10.1016/j.biortech.2012.03.066
http://dx.doi.org/10.1016/j.biortech.2012.03.066
http://dx.doi.org/10.1016/j.chemosphere.2015.04.072
http://dx.doi.org/10.1016/j.chemosphere.2015.04.072
http://dx.doi.org/10.3389/fpls.2015.00083
http://dx.doi.org/10.3389/fpls.2015.00083
http://dx.doi.org/10.1007/s00216-009-2669-0
http://dx.doi.org/10.1021/jf1028152
http://dx.doi.org/10.1016/j.aca.2012.02.004
http://dx.doi.org/10.1016/j.aca.2012.02.004
http://dx.doi.org/10.1016/j.chroma.2012.07.041
http://dx.doi.org/10.1016/j.scitotenv.2015.07.129
http://dx.doi.org/10.1016/j.scitotenv.2015.07.129
http://dx.doi.org/10.1016/j.chemosphere.2012.03.005
http://dx.doi.org/10.1016/j.chemosphere.2012.03.005
http://dx.doi.org/10.1016/j.chemosphere.2015.11.090
http://dx.doi.org/10.1016/j.chemosphere.2015.11.090

(22]

(23]

(24]

(25]

(26]

(27]

B. Petrie et al. / Analytica Chimica Acta 959 (2017) 91—101

http://dx.doi.org/10.1016/j.talanta.2012.11.080.

S.E. Evans, P. Davies, A. Lubben, B. Kasprzyk-Hordern, Determination of chiral
pharmaceuticals and illicit drugs in wastewater and sludge using microwave
assisted extraction, solid-phase extraction and chiral liquid chromatography
coupled with tandem mass spectrometry, Anal. Chim. Acta (2015), http://
dx.doi.org/10.1016/j.aca.2015.03.039.

B. Petrie, J. Youdan, R. Barden, B. Kasprzyk-Hordern, Multi-residue analysis of
90 emerging contaminants in liquid and solid environmental matrices by
ultra-high-performance liquid chromatography tandem mass spectrometry,
J.  Chromatogr. A 1431 (2015) 64—78, http://dx.doi.org/10.1016/
j.chroma.2015.12.036.

Official Journal of the European Communities, Commission Decision (2002/
657/EC): Implementing Council Directive 96/23/EC Concerning the Perfor-
mance of Analytical Methods and the Interpretation of Results, 2002. Avail-
able from: http://faolex.fao.org/docs/pdf/eur49615.pdf.

K. Kotnik, T. Kosjek, U. Krajnc, E. Heath, Trace analysis of benzophenone-
derived compounds in surface waters and sediments using solid-phase
extraction and microwave-assisted extraction followed by gas
chromatography-mass spectrometry, Anal. Bioanal. Chem. 406 (2014)
3179—-3190, http://dx.doi.org/10.1007/s00216-014-7749-0.

S. Morales, P. Canosa, I. Rodriguez, E. Rubi, R. Cela, Microwave assisted
extraction followed by gas chromatography with tandem mass spectrometry
for the determination of triclosan and two related chlorophenols in sludge
and sediments, J. Chromatogr. A 1082 (2005) 128—135, http://dx.doi.org/
10.1016/j.chroma.2005.05.059.

R. Lopez-Serna, M. Petrovi¢, D. Barceld, Development of a fast instrumental
method for the analysis of pharmaceuticals in environmental and wastewa-
ters based on ultra high performance liquid chromatography (UHPLC)-tandem
mass spectrometry (MS/MS), Chemosphere 85 (2011) 1390—1399, http://

[28]

[29]

[30]

[31]

[32]

[33]

[34]

101

dx.doi.org/10.1016/j.chemosphere.2011.07.071.

M. Gros, S. Rodriguez-Mozaz, D. Barceld, Fast and comprehensive multi-
residue analysis of a broad range of human and veterinary pharmaceuticals
and some of their metabolites in surface and treated waters by ultra-high-
performance liquid chromatography coupled to quadrupole-linear ion trap
tandem, J. Chromatogr. A 1248 (2012) 104—121.

N. Mastroianni, C. Postigo, M.L. de Alda, D. Barcelo, Illicit and abused drugs in
sewage sludge: method optimization and occurrence, J. Chromatogr. A 1322
(2013) 29-37, http://dx.doi.org/10.1016/j.chroma.2013.10.078.

T. Vega-Morales, Z. Sosa-Ferrera, J.J. Santana-Rodriguez, Determination of
various estradiol mimicking-compounds in sewage sludge by the combination
of microwave-assisted extraction and LC-MS/MS, Talanta 85 (2011)
1825—1834, http://dx.doi.org/10.1016/j.talanta.2011.07.051.

B. Gao, Q. Zhang, M. Tian, Z. Zhang, M. Wang, Enantioselective determination
of the chiral pesticide isofenphos-methyl in vegetables, fruits, and soil and its
enantioselective degradation in pak choi using HPLC with UV detection, Anal.
Bioanal. Chem. 408 (2016) 6719—6727, http://dx.doi.org/10.1007/s00216-
016-9790-7.

M. Goldstein, M. Shenker, B. Chefetz, Insights into the uptake processes of
wastewater-borne pharmaceuticals by vegetables, Environ. Sci. Technol. 48
(2014) 5593—-5600, http://dx.doi.org/10.1021/es5008615.

T. Malchi, Y. Maor, G. Tadmor, M. Shenker, B. Chefetz, Irrigation of root veg-
etables with treated wastewater: evaluating uptake of pharmaceuticals and
the associated human health risks, Environ. Sci. Technol. 48 (2014)
9325-9333, http://dx.doi.org/10.1021/es5017894.

AV. Dordio, M. Belo, D. Martins Teixeira, AJ. Palace Carvalho, C.M.B. Dias,
Y. Pico, et al., Evaluation of carbamazepine uptake and metabolization by
Typha spp., a plant with potential use in phytotreatment, Bioresour. Technol.
102 (2011) 78277834, http://dx.doi.org/10.1016/j.biortech.2011.06.050.


http://dx.doi.org/10.1016/j.talanta.2012.11.080
http://dx.doi.org/10.1016/j.aca.2015.03.039
http://dx.doi.org/10.1016/j.aca.2015.03.039
http://dx.doi.org/10.1016/j.chroma.2015.12.036
http://dx.doi.org/10.1016/j.chroma.2015.12.036
http://faolex.fao.org/docs/pdf/eur49615.pdf
http://dx.doi.org/10.1007/s00216-014-7749-0
http://dx.doi.org/10.1016/j.chroma.2005.05.059
http://dx.doi.org/10.1016/j.chroma.2005.05.059
http://dx.doi.org/10.1016/j.chemosphere.2011.07.071
http://dx.doi.org/10.1016/j.chemosphere.2011.07.071
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref28
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref28
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref28
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref28
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref28
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref28
http://refhub.elsevier.com/S0003-2670(16)31517-3/sref28
http://dx.doi.org/10.1016/j.chroma.2013.10.078
http://dx.doi.org/10.1016/j.talanta.2011.07.051
http://dx.doi.org/10.1007/s00216-016-9790-7
http://dx.doi.org/10.1007/s00216-016-9790-7
http://dx.doi.org/10.1021/es5008615
http://dx.doi.org/10.1021/es5017894
http://dx.doi.org/10.1016/j.biortech.2011.06.050

	coversheetJournalArticles
	PETRIE 2017 Multi-residue determination of micropollutants
	Multi-residue determination of micropollutants in Phragmites australis from constructed wetlands using microwave assisted e ...
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Constructed wetlands
	2.3. Microwave assisted extraction
	2.4. Solid phase extraction
	2.5. Ultra-high-performance liquid chromatography tandem mass spectrometry

	3. Results and discussion
	3.1. Ultra-high-performance liquid chromatography tandem mass spectrometry
	3.2. Microwave assisted extraction method development
	3.3. Method validation
	3.4. Method application

	4. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References



	OA: GOLD
	OA Logo: 
	AUTHORS: PETRIE, B., SMITH, B.D., YOUDAN, J., BARDEN, R. and KASPRZYK-HORDERN, B.
	TITLE: Multi-residue determination of micropollutants in Phragmites australis from constructed wetlands using microwave assisted extraction and ultra-high-performance liquid chromatography tandem mass spectrometry.
	YEAR: 2017
	Publisher citation: PETRIE, B., SMITH, B.D., YOUDAN, J., BARDEN, R. and KASPRZYK-HORDERN, B. 2017. Multi-residue determination of micropollutants in Phragmites australis from constructed wetlands using microwave assisted extraction and ultra-high-performance liquid chromatography tandem mass spectrometry. Analytica chimica acta [online], 959, pages 91-101. Available from: https://doi.org/10.1013/j.aca.2016.12.042.
	OpenAIR citation: PETRIE, B., SMITH, B.D., YOUDAN, J., BARDEN, R. and KASPRZYK-HORDERN, B. 2017. Multi-residue determination of micropollutants in Phragmites australis from constructed wetlands using microwave assisted extraction and ultra-high-performance liquid chromatography tandem mass spectrometry. Analytica chimica acta, 959, pages 91-101. Held on OpenAIR [online]. Available from: https://openair.rgu.ac.uk.
	Version: PUBLISHED
	Publisher: ELSEVIER
	Series: Analytica chimica acta
	ISSN: 0003-2670
	eISSN: 1873-4324
	Set statement: 
	License: BY 4.0
	License URL: https://creativecommons.org/licenses/by/4.0
	CC Logo: 
		2017-04-07T09:39:34+0100
	OpenAIR at RGU




