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GRAPHICAL ABSTRACT

ABSTRACT

In this study, a total of 52 pharmaceuticals in the influent and effluent of two sewage treatment plants
(STPs) and in the receiving waters were quantified with an analytical method using on-line solid phase
extraction coupled to liquid chromatograph-tandem mass spectrometry. 36 out of the 52 pharmaceu-
ticals were detected in the influent and effluent of the STPs at quantifiable levels; influent and effluent
concentrations ranged 1 ngL~' to 30 yg L' and 3 ng L~ to 3 ug L, respectively. They were also detected
from the receiving waters (both tributaries and main river); their concentrations ranged from 1 to
310 ng L. A simple mass balance model was applied for the pharmaceutical data measured for the STPs,
tributaries, and the main river to demonstrate the contribution of the STPs to the pollution of the streams
and the main river. The average ratio of the model estimations and the measured concentrations was
calculated 97% for the downstream of the STPs, while that for the main river was 89%. This modeling
result clearly demonstrates that many pharmaceuticals flowing into an STP are not degraded and dis-
charged to a nearby river, affecting the whole water body, and that the STP is the only source of the
pollutants. While their discharge into STPs should be avoided. In addition, development of new tech-
nologies capable of completely degrading them is desirable.

© 2019 Elsevier Ltd. All rights reserved.

* Corresponding author.

1. Introduction

The presence of residual pharmaceuticals in stream, ground-
water, lake, and even drinking water has been reported worldwide
(Furlong et al., 2017; Kay et al., 2017; Yao et al., 2018). Many kinds of

E-mail address: h_kim@uos.ac.kr (H. Kim).

https://doi.org/10.1016/j.chemosphere.2019.03.046
0045-6535/© 2019 Elsevier Ltd. All rights reserved.


mailto:h_kim@uos.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2019.03.046&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2019.03.046
https://doi.org/10.1016/j.chemosphere.2019.03.046
https://doi.org/10.1016/j.chemosphere.2019.03.046

Y. Hong et al. / Chemosphere 225 (2019) 378—387 379

pharmaceuticals are being produced and consumed at a large
amount, so their leak into water environment has drawn attention
from the public. Therefore, good pharmaceutical production and
disposal practices from the sustainability point of view are being
sought for in the developed countries. In addition, aggressive sus-
tainable conservation plans are being implemented in the countries
to minimize the introduction of pharmaceuticals into the envi-
ronment; therefore, further strengthen regulations and guidance
on pharmaceuticals in natural waters are expected in near future
(Benson et al., 2017; Kiister and Adler, 2014; Paranychianakis et al.,
2015).

At present, sewage is the most important among various sources
of pharmaceuticals detected in the water environment (Luo et al.,
2014). Pharmaceuticals in sewage are only partially decomposed
in a sewage treatment plant (STP) before they are discharged into
the environment. Therefore, a great deal of attention has been paid
to how many pharmaceuticals would be in wastewater and how
much of them could be removed within an STP for the past two
decades. How the chemicals remaining in the treated wastewater
would affect the receiving water body also has been of public
concern.

A number of papers have reported a variety of pharmaceuticals
in wastewater and in the environment. Most of them simply
monitored dozens or hundreds of pharmaceuticals in the influent
and effluent of STPs (Baker and Kasprzyk-Hordern, 2013; Sonya
et al., 2015). Some of them assessed the contribution of different
dischargers to the pharmaceutical concentrations of the influent to
their STPs, while others compared the effluent of STPs and
receiving water bodies. In general, the contribution of an STP to the
concentrations of trace organic compounds like residual pharma-
ceuticals in a receiving river is evaluated by comparing their dis-
charged amounts (Archer et al., 2017; Azuma et al., 2016) and their
concentrations (Kay et al., 2017; Patrolecco et al., 2015) at a sam-
pling location of the river. In recent studies, mass-balance ap-
proaches have been applied to estimate the contribution of residual
pharmaceuticals in the effluent of an STP to the receiving water
body (Fairbairn et al., 2016), or in-stream attenuations of pharma-
ceuticals along a river (Hanamoto et al., 2018). These studies pro-
vided useful information about the relation between an STP and its
receiving water body. However, they analyzed the compounds in
samples collected from only a few locations, so the impacts of mass
loading from the STP on the receiving water were not clearly
illustrated. A more in-depth and systematic study is required in
which concentrations of pharmaceuticals at the point where STP
effluent is discharged and its upstream and downstream locations
are quantified to show the dynamics of the compounds along the
stream. In order to track these emerging contaminants along a
stream and design a control or management practice for them, an
easy analytical method should be available that can be used for
accurately assessing their extent of decomposition in an STP or
dynamics in receiving water (Ratola et al., 2012).

Gas chromatograph/mass spectrometry (GC/MS) along with
liquid-liquid extraction has been utilized to quantify residual
pharmaceuticals in the environment since the early 1990s
(Pietrogrande and Basaglia, 2007). Using these methods, however,
quantification of trace pharmaceuticals (under ppb level) is not
possible, mainly due to their high detection range and complicated
sample pretreatment steps (especially for wastewater or sludge
samples). Since solid-phase-extraction (SPE) followed by liquid
chromatograph-tandem mass spectrometry (LC-MS/MS) was
introduced, trace pharmaceuticals at sub-ppb levels in various
water matrixes have been quantified (Cahill et al., 2004; US EPA,
2007; Vanderford et al., 2003). The SPE technique facilitates
effective removal of interferences from such sample matrices as
wastewater and superior extraction and concentration of target

compounds. However, clean-up of an SPE column and sample
extraction through the column are manually carried out, so routine
monitoring of target pharmaceuticals in the environment cannot be
easily done, especially when the physico-chemical characteristics
of target analytes are diverse: e.g., acid-base dissociation, polarity,
and hydrophobicity (Pavlovi¢ et al., 2007). The manual sample-
pretreatment is not only labor-intensive but also often reduces
the precision of the analysis.

Recently, on-line SPE methods have been introduced as a way to
analyze multi-residues, in which sample pretreatment for residual
organic compounds (e.g., pharmaceuticals, pesticides, phenols,
phthalates, and perfluorinated chemicals) in water is simplified and
automated (Casado et al., 2018; Kim et al., 2018; Idder et al., 2013).
The US Geological Survey (USGS) successfully applied an on-line
SPE method followed by LC-MS/MS for quantifying 35 pharma-
ceuticals in ground water (Meyer et al., 2007); samples were loaded
on the pretreatment unit only after a simple filtration. A similar
method was successfully applied for the quantification of steroid
hormone compounds in the effluent of a STP (Guedes-Alonso et al.,
2015).

In this study, an on-line SPE column with a switching valve
system, which is automated for higher analytical accuracy, coupled
to LC-MS/MS was applied for analyzing 52 pharmaceutical com-
pounds in river waters and in the influent and effluent of two STPs
(i.e., STP#1 and STP#2) and the contribution of the STPs to the
water pollution of the receiving water bodies by the compounds
was evaluated. In order to evaluate the contribution of STPs to the
concentration of each target compound in river waters, a mass
balance model considering only hydraulic dilution was applied for
the distribution of pharmaceutical in the downstream of the
effluent-discharging point of each STP.

2. Experimental
2.1. Chemicals and reagents

Fifty-two standards used in this study were purchased from
Sigma-Aldrich (St. Louis, MO, USA), Fluka (St. Louis, MO, USA), USP
(Rockville, MD, USA), EDQM (Strasbourg, France), and MCE (Mon-
mouth Junction, NJ, USA). Acetaminophen-Dy4, ciprofloxacin-Dg,
and sulfadimethoxine-'3Cg were obtained from Sigma-Aldrich (St.
Louis, MO, USA) and used as surrogate standards. Acetonitrile,
methanol, and water of MS grade were purchased from Honeywell
(Muskegon, MI, USA). Formic acid and of MS grade, and disodium
ethylene diamine tetra acetic acid (Na,EDTA) of ACS reagent grade
were purchased from Sigma-Aldrich. All the stock solutions of
target compounds were prepared at a concentration of 100 mg L™!
in water or methanol. Structures and physico-chemical properties
of 52 target pharmaceuticals studied in this paper are provided in
Table S1 (see Supplementary material).

2.2. Sample collection and preparation

In this study, sample collection points were carefully deter-
mined to effectively evaluate the contribution of STPs to pharma-
ceutical pollution of the water environment. Water samples were
collected seven times from April 10th to April 28th, 2017 in the
spring seasons along Han River and its two tributaries in Seoul,
Korea (Fig. 1). There was no precipitation during sampling events; 5
sites along Han River (HR-1~5), 4 sites along the two tributaries (J-
up, J-down, T-up, and T-down). Additionally, influent and effluent
samples of two STPs; one is located by Tributary J (denoted as
STP#1) and the other is Tributary T (denoted as STP#2).

STP#1 has a treatment capacity of 945,000m>d~" and treats
mainly sewage discharged from residential areas. It has two main
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Fig. 1. Sampling sites around STP#1 and STP#2, including those on the main stream of Han River (five red circles) in Seoul, Korea. STP#1 located tributary ] and STP#2 located
tributary T stream (two violet circles) were taken samples from influent and effluent. Tributary samples indicate by the for green circles which are up- and downstream of a 500 m
distance from STP's outlet connected ] and T stream. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

processes; one is the Modified Ludzack Ettinger (MLE; Anoxic/Oxic)
treating 670,000 m> d~! and the other is the Anaerobic/Anoxic/Oxic
(A%0) process treating 275,000 m> d L In the case of STP#2, it treats
wastewater discharged from both residential and commercial
areas. Its main process is the MLE process and has a treatment
capacity of 565,000m>d~".

At each site, a water sample of 2 L was manually collected into a
dark amber glass bottle. Once water samples were collected, they
were immediately transported in coolers to the university labora-
tory where total organic carbon (TOC), total nitrogen (TN), total
phosphorus (TP), ammonium, phosphate, nitrate, and nitrite con-
tent were immediately analyzed following Standard methods
(Table S2; APHA, 2012). The rest of the samples were sealed and
stored at 4°C in a dark fridge.

Before SPE-LC-MS/MS analysis was performed, 10 mL of each
water sample was filtered with a 0.2 um polyvinylidene fluoride
syringe filter (Advantec, Tokyo, Japan). Then, methanol (10%, v/v)
and formic acid (0.1%, v/v) were added to the filtrate along with
4 mg NapEDTA. The standard solutions for the development of a
calibration curve were prepared in the same manner.

2.3. On-line SPE-LC-MS/MS analysis

Quantitative analysis of target compounds in water samples was
performed using an SPE-LC-MS/MS system consisting of LC-MS/MS
(LCMS-8050™, Shimadzu, Kyoto, Japan) and an on-line SPE column
with a switching device. A schematic diagram for the analytical
system is presented in Fig. 2. In this study, a methylcellulose-
immobilized column was adopted to effectively remove the ma-
trix interferences. Prepared water samples of 300 uL each were
injected into an SPE column (Shim-pack MAYI-ODS;
10 mm x 2.0 mm in diameter, 50 um particles; Shimadzu, Kyoto,
Japan) and eluted at a flow rate of 0.4 mLmin~! using 0.1% formic

acid in water. 0.1% formic acid (in water) was selected as the
extraction solvent, considering the dissociation of acidic com-
pounds among the target analytes. The optimal extraction flow rate
and time to trap the target compounds were determined to be
0.4mLmin~' and 2.5 min, respectively (Fig. S1). Once the target
compounds were trapped, the pretreatment column was back-
flushed with a solution of 0.1% formic acid in water/acetonitrile/
methanol/isopropanol (v/v/v/v=1/1/1/1) by switching the flow-
selection valve on or off. Then, the column was stabilized and
gotten ready for the analysis of the next sample.

The fifty-two pharmaceuticals in water samples were separated
using an ACE5 C18-PFP column (150 mm x 2.1 mm in diameter,
5.0 um particles; Advanced Chromatography Technologies, Scot-
land, UK) installed in the LC. The samples were eluted through the
column at a flow rate of 0.2mLmin~! with the column-oven
temperature maintained at 40°C. The gradient program of the
mobile phase consisting of 0.1% formic acid in water (A) and
acetonitrile (B) was as follows. In the beginning, the mobile phase
was kept at 10% B for 2.5 min, followed by a linear gradient to 100%
B over 10.5 min, and kept for an additional 4 min. Finally, the mo-
bile phase was returned to 10% B over 3 min to make the column
ready for the next injection. All target analytes were quantified in a
multiple-reaction monitoring (MRM) mode using electrospray
ionization. The flow rates of the nebulizing gas (N2), drying gas (N2),
and capillary heating gas (dry air) were 3, 10, and 10 Lmin~},
respectively. The capillary, desolvation, and heating block temper-
atures were maintained at 300, 250, and 400 °C, respectively. The
MRM parameters were optimized for collision energies (see
Table S3 for more information). All the samples were analyzed
three times.

Since the entire extract is injected into the analytical column,
the sensitivity can be increased to the target concentration with
<1 mL of sample (Andrade-Eiroa et al., 2016). However, at the same
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MS?

a) Sample loading (Pump A, B, and C: On)

MS?

b) Sample analysis (Pump A, B, and D: on)

Fig. 2. Configuration of the on-line SPE-LC-MS/MS system. I. separation column equilibration (pump A and B); II. sample loading and trapping (pump C); III. SPE desorption (pump A

and B) and cleaning (pump D).

time, direct injection of the sample can lead to contamination or
clogging of the SPE column. Thus, it is very important to select an
SPE column that can effectively remove the matrix interferences,
while accurately trapping the target compounds. The bonded
phases of octadecylsilane (ODS or Cig), hydrophilic-lipophilic-
balanced (HLB) polymer and alkyl bonded silica have been used
for manufacturing an SPE column; the separation phase has parti-
cles with the size of 2—25 pm with pores of 10—13 nm. In order to
determine multi-class pharmaceuticals with different chemical
properties, optimized operation conditions for the on-line SPE
method should be considered.

2.4. Method validation

The linearity of calibration curve, recovery efficiency, repeat-
ability, and method detection limits (MDLs) for each target com-
pound were evaluated to validate the suitability of the final
optimized method based on the on-line SPE-LC-MS/MS. The MDL
for a target compound was determined by multiplying the Student
t-value at the 99% confidence level by the standard deviation of
seven replicates of a standard solution (0.005 or 0.05pugmL™1).
Both recovery and repeatability were calculated based on the
analytical results for samples spiked with the standards at three
levels. The calibration range for each target analyte was determined
based on the sensitivity of the analytical instrument for the
chemical. For the recovery tests, samples at three levels (0.05, 0.4
and 0.8 gL, or 10 times higher level) were prepared by spiking
each of 52 pharmaceuticals into the ultrapure water directly; seven
replicates were made for each level. Similarly, samples for repeat-
ability test of the developed method was prepared by spiking
standards into water, and then were analyzed for calculating %
relative standard deviation (%RSD; n = 7) for each analyte.

2.5. Setting up mass balance model

A simple dilution or mass balance model (eq. (1)) was set up
using the MS Excel 2016 (Microsoft Inc., Redmond, WA, USA) for the
target compounds in the upstream of a tributary and in the effluent
discharged from an STP to estimate their concentration in the
downstream. The model was applied only for the 36 pharmaceu-
ticals detected in the current study. The calculated concentrations
of the target compounds in the downstream of the two tributaries
(i.e.,J-down and T-down) were, then, compared with the measured
values, which are presented as % ratio (eq. (2)).

Ci,T—up X QT"‘Ci,eﬂ x Qstp

Ci, c,T-down = QT ¥ QSTP (1)
C .

Mass balnce (%) = —m™ =41 100 (2)
Ci, c,T—down

where Cj1.yp and Cim1-down are the concentration of a pharmaceu-
tical in the upstream and downstream of a tributary, respectively.
Giefr is the concentration of a pharmaceutical in the STP effluent,
and Qrand Qsyp are the flow rate of a tributary and of the effluent
from an STP, respectively. Lastly, Cicr-down is the calculated con-
centration of a pharmaceutical in the downstream of a tributary.

2.6. Data analysis and calculation

Statistical analysis and graphical presentation of the results
obtained in this study were performed using the MS Excel 2016 and
the SigmaPlot 13 (Systat Software Inc., Chicago, IL, USA), respec-
tively. The calculation of the mass balance for predicting the dis-
tribution of pharmaceuticals in the downstream of the STPs was
carried out using the MS Excel.

3. Results and discussion
3.1. Optimization of on-line SPE-LC-MS/MS

In order to simultaneously analyze 52 pharmaceutical residues
in the environmental water and wastewater, the on-line SPE-LC-
MS/MS system should be optimized. First, the linearity and signal
stability of the method were evaluated using standard solutions of
target pharmaceuticals. In general, a good linearity and sensitivity
could be developed for all the compounds except quinolones and
tetracyclines. In the case of quinolones and tetracyclines, signal
stability tended to deteriorate during a batch sequence in which a
standard sample was diluted with water and injected (data not
shown). The phenomenon was attributed to the chemical property
of the target compounds; because of the zwitterionic characters of
quinolones  (Golet et al, 2002) (pKgcoon=6.0—6.2,
pKganH2 = 7.6—8.7 for ciprofloxacin, enrofloxacin, ofloxacin, and
pefloxacin) and tetracyclines (Huq et al, 2006) (pKgzwitte-
rion = 6.5—6.6 for chlortetracycline, oxytetracycline, and tetracy-
cline), these compounds tend to dissociate at a circum-neutral pH
and be adsorbed to metal-based surface or particles. Thus, formic
acid was added to prevent dissociation of tetracycline and quino-
lone and their binding to divalent metallic cations such as Fe?*,
Ca®*, and Mg?* in the samples. Then, Na;EDTA was added as a
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chelator to facilitate enhanced trapping of the compounds by the
SPE. However, when the methanol content of a sample increased
over 10%, the trapping efficiencies of the SPE column for some
compounds such as acetaminophen, and iopromide deteriorated.

The mobile phase of the column for separating the 52 phar-
maceuticals was selected for better peak shapes and sensitivity
following the method presented in our previous study with off-line
SPE (Hong et al., 2015); in short, 0.1% formic acid in water and
acetonitrile were used as the mobile phase. Using the mobile phase,
target compounds could be better retained on the SPE column. In
order to reduce matrix interference and improve the trapping ef-
ficiency of the SPE column, the sample loading rate was varied
within the range of 0.4—2 mL min~! (Fig. S1). As a result, the best
efficiency was obtained when the SPE column was loaded at
0.4mLmin~"' for 2.5 min. Especially, hydrophilic compounds (e.g.,
amoxicillin, acetaminophen, cimetidine, and iopromide) (Table S1),
which have a low log P (approximately < 1) and a relatively high
water-solubility, tend to be less retained on a reversed-phase SPE
column. In general, an on-line SPE method is loaded at a relatively
high speed for the purpose of sufficient removal of interfering
substances. If the sample loading rate is slow, macro-molecules
(e.g., humic substances, biological fluids, surfactants, and poly-
mers, etc.) present in the water or wastewater might clog the pore
of the SPE column and the LC separation column. Due to these
limitations, an on-line SPE method is rarely applied for wastewater
or turbid stream water samples.

In this study, to overcome the limitations mentioned above, we
used an SPE column the surface of which was modified with hy-
drophilic polymers to have holes which prevent clogging of the
column by macro—size hydrophilic non—target molecules (Fig. S2).
In short, when a sample is being loaded, large molecules are not
held by the stationary phase of the SPE column. However, smaller
molecules were easily trapped by the stationary phase. Moreover,
the optimized trapping time was sufficient to remove matrix in-
terferences from the SPE column (Fig. S1). After the trapping and
extraction, the SPE was washed using an SPE washing solvent made
of 0.1% formic acid in water/acetonitrile/methanol/isopropanol (v/
v/v[v=1/1/1/1) as a cleaning step.

Influent samples of an STP#1 were loaded on the optimized SPE
column at the flow rate of 0.4 mLmin~'; the loading volume was
300 pL (Fig. S1). Based on the UV absorption data, sample matrix-
interferences were not retained in the SPE column and almost
completely released within 2.5 min (approximately 99%) (injection
volume of <300 pL). On the other hand, when the flow rate was
increased over 0.4 mLmin~’, the recovery of several compounds
(e.g., acetaminophen, amoxicillin, atenolol, cimetidine, iopromide,
and vancomycin, etc.) with a relatively short retention time was
rapidly reduced about <50%.

Sample eluent and its volume, trapping and extraction condi-
tions, and valve switching time were optimized. Under the optimal
condition, the linearity (R?) and sensitivity of the proposed method
were all>0.99 and in the level of a few ng L~! or even less,
respectively. Therefore, the optimized on-line SPE method could be
utilized in the routine analysis of pharmaceuticals in wastewater
and river waters in this study.

3.2. Method validation

To examine the validity of the proposed method, the linearity of
calibration curves, recovery (%), MDL, and repeatability (% RSD,
n="7) were evaluated (Table S4). Re-analysis of the whole batch
was carried out when the accuracy measured for the sample which
was prepared for each batch of 20 samples and spiked with a sur-
rogate was less than 75%.

The MDLs of the proposed method ranged from 1 to 80 ngL ™!

for 32 compounds, while those for the rest (21 compounds) were
below 1ngL~L These MDLs were comparable to or better than
those obtained using off-line-SPE-based analytical methods (Hong
et al., 2015). These MDLs were also comparable with those reported
in the literature about the analytical methods based on-line SPE-
LC-MS/MS. Idder et al. (2013) applied an on-line SPE—LC—MS/MS
method for analyzing 40 pharmaceuticals in drinking and surface
water samples and reported limits of detection (LODs) of
0.7—15 ng L~ ! with a sample injection of 1 mL. Similar or somewhat
better LODs (0.1-1.4ngL~!) were obtained in studies where 24
priority pesticides, hormones, or pharmaceuticals included in Eu-
ropean Union (EU) Directive 2013/39/EU (European Commission,
2013) and EU Decision 2015/495 (European Commission, 2015)
were analyzed with on-line SPE—LC—MS/MS; in the study, the
volume of sample injection was 10 mL.

The calibration curves of all the target pharmaceuticals reveal
that a goodness of fit (R%)>0.99 was significant at a confidence
level of 95%. The recoveries of all the target pharmaceuticals ranged
from 81 to 113% except for enrofloxacin; that of which ranged from
65 to 92%. The repeatability of the analytical method was also
excellent; it was calculated to be below 19% for the low level and
10% for the higher levels. Results obtained from the samples spiked
with surrogate standards showed reproducibility of <20%: acet-
aminophen-Dy4, 87.6 + 13.2%; ciprofloxacin-Dg, 86.4 +17.1%; and
sulfadimethoxine-13Cg, 96.4 + 10.8%.

In summary, the test result for the method validation demon-
strated that the proposed analytical method based on on-line SPE-
LC-MS/MS can easily and accurately evaluate residual pharmaceu-
ticals in various waster matrixes including sewage.

3.3. Occurrences of selected pharmaceuticals in wastewater and
their receiving water

Water samples were collected at five locations along Han River
(HR-1 to HR-5), two along a tributary flowing from the northern
side of the river (J-up and J-down), and two along a tributary from
the southern side of it (T-up and T-down). In addition, samples
were collected from the inlets and outlets of two STPs (Fig. 1). The
collected samples were analyzed for the 52 target pharmaceutical
compounds and the result is summarized in Table S5. Thirty-six out
of the 52 target chemicals were detected at quantifiable levels both
in the influent and effluent of the two STPs. The detected phar-
maceuticals were grouped and summed-up according to their
purpose of use and are presented in Fig. 3. In general, since the
influents of both STP#1 and STP#2 are domestic wastewater, the
levels of the pharmaceutical compounds in the influents were
similar.

Acetaminophen, caffeine, cimetidine, and iopromide (an X-ray
contrast agent) were all found at>1pgL~' in the influent.
Noticeably, the concentrations of iopromide in the influent and
effluent of the two STPs were as high as 748—2462ngL~! and
1121-2809 ng L™, respectively; since there are several major hos-
pitals in the drain areas of the STPs, such a high concentration of
iopromide could be expected. Although non-steroidal anti-in-
flammatory drugs (NSAIDs; a group of drugs that reduce pain, fever,
and inflammation) were also found at high concentrations in the
influent sewage (31—34,979 ng L), most of them were removed in
the STPs. However, as these NSAIDs, which are sold without a
prescription for domestic use in Korea, continuously flow into STPs
via municipal wastewater, the impact of these pharmaceuticals on
the microbial activity in the STPs should be further investigated. On
the other hand, antihistamine, B-blocker, antibiotics, x-ray contrast
medium, anti-neuropathic, lipid regulator, and antiviral drugs also
were partially removed in the STPs; a significant amount of the
compounds remained in the effluent. Atenolol, propranolol (B-
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Fig. 3. Influent and effluent concentration by pharmaceutical classification in (a) STP#1 and (b) STP#2 located in Fig. 1. Bars and error bars indicate seven samples means and
standard errors of classifications of target pharmaceuticals (n=7). The classifications of target pharmaceuticals in this study were as follows: i) NSAIDs (5); acetaminophen,
diclofenac, ibuprofen, ketoprofen, and naproxen, ii) Anti-histamine (3); chlorpheniramine, cimetidine, and diphenhydramine, iii) Antibiotic (17); cefradine, cephalexin, cipro-
floxacin, clarithromycin, enrofloxacin, erythromycin, lincomycin, ofloxacin, oxolinic acid, roxithromycin, sulfachlorpyridazine, sulfadimethoxine, sulfamethoxazole, sulfathiazole,
tetracycline, trimethoprim, and vancomycin, iv) X-ray contrast (1); iopromide, v) Life-style (1); caffeine, vi) Antineuropathic (1); carbamazepine, vii) beta-blocker (3); atenolol,
metoprolol, and propranolol, viii) Anti-viral (2); oseltamivir and its metabolite oseltamivir acid, ix) Hormone (1); testosterone, x) lipid regulator (1); gemfibrozil, and xi) Anti-

psychotic (1); quetiapine.

blocker), and gemfibrozil (lipid regulator), which are used to treat
high blood pressure and hyperlipidemia, were detected in both
influent and effluent samples; their concentrations in influent and
effluent in total were 25—559ngL~! and 18—327 ngL"!, respec-
tively. The mean concentrations of carbamazepine (an anti-
neuropathic or antiepileptic agent) ranged from 203 to 295 ng L~!
and 236—309ngL! in the influent and effluent samples, respec-
tively. Of the pharmaceuticals in the antibiotics family, only quin-
olones (ciprofloxacin and ofloxacin), macrolides (clarithromycin,
lincomycin, and roxithromycin), sulfamethoxazole, tetracycline,
and vancomycin were detected at sub-ug L~! levels. This result is
consistent with our previous observations (Hong et al., 2015).
Although the sampling was performed in warm spring (April),
oseltamivir and its metabolome, i.e., oseltamivir acid, which are

used as an antiviral agent for influenza, were detected from both
influent and effluent of the two STPs; the concentrations of osel-
tamivir in the influent and effluent were 3—25 and 5—10ngL~},
respectively. In general, it could be easily conjectured that their
levels in the winter would be much higher because antiviral drugs
are usually prescribed in the winter. Therefore, their concentrations
in the influent and effluent of STP#1 were measured in the
following winter. As expected, their levels were much higher; the
average concentrations of oseltamivir and oseltamivir acid were
270 and 1127 ng L' in the influent and were 322 and 1228 ng L~}
in the effluent, respectively.

Comparing to those of the influent to the STPs, the pharma-
ceutical concentrations of Han River and its two tributaries were
one or two magnitudes lower mainly due to dilution in the river
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water (Table S5). For better illustration, the levels of target phar-
maceuticals in the upstream and downstream of the two tributaries
where the STPs are located are compared in Fig. 4. For both tribu-
taries (i.e., Tributary J and T), water samples collected from the
downstream of each STP showed similar or higher pharmaceutical
levels than the respective upstream, indicating the adverse impact
of the STPs.

For clearly demonstrating the adverse contribution of the STPs
to the water pollution by the pharmaceuticals, a simple dilution or
mass balance model (eq. (1)) was applied for the 36 pharmaceuti-
cals detected in the upstream of a tributary and in the effluent
discharged from an STP to estimate their concentration in the
downstream. The estimated concentrations of the pharmaceuticals
in the downstream of the two tributaries (i.e., J-down and T-down)
were, then, compared with the measured values, which are pre-
sented as % ratio. As a result, the average ratio of the predicted and
measured values of pharmaceutical levels in the downstream was
97% (Fig. 5). This result strongly indicates that treated wastewater

discharged from the STPs contributes to the pharmaceutical levels
of the downstream of the tributaries (i.e., J-down and T-down).

We also estimated the concentrations of pharmaceuticals in the
samples collected from HR-5 by making a mass balance with the
concentration data for the pharmaceuticals detected at HR-1 and
the tributaries of Han River (T-down and J-down) and the result
was depicted in Fig. 6. As shown in the figure, most of the phar-
maceutical groups in total increased from the upstream to the
downstream of Han River (HR-1 to —5). Since the upstream from
HR-1 is protected as a water source conservation area, the inflow of
pollutants near the site is relatively limited.

Interestingly, the predicted concentrations of the pharmaceu-
ticals at the HR-5 were reasonably close to the measured ones; the
average ratio of the predicted and measured concentrations was
calculated 89%. Therefore, it was concluded that the tributaries fed
with pharmaceutical compounds by the STPs are negatively
affecting the whole Han River. In short, this result clearly demon-
strates that residual drugs are continuously released from STPs and
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are the main cause of pharmaceutical pollution in a main stream. In
addition, it also shows the pharmaceutical discharge by the STPs
should be well controlled to protect the whole river from the
impact by the compounds.

Roberts et al. (2016) reported a strong linear correlation be-
tween traditional chloride ion and pharmaceuticals in the receiving
water of the STP and reported that the concentration of pharma-
ceuticals in the stream is likely to depend only on upstream con-
servative mixing. Similarly, Fairbairn et al. (2016) reported the
amount of 16 pharmaceuticals and pesticides flowing into the
mixed watershed through STPs, and their measured and predicted
values showed good agreement with R®=0.881 (p<0.001).
Hanamoto et al. (2018) reported on the in-stream attenuation of
pharmaceuticals in river based on the mass balance approach and
estimated drug contamination sources according to catchment
populations. The systematic approach based on the mass balance
model should predict the temporal and spatial behavior of phar-
maceuticals in the aquatic environment and would be a powerful
tool for estimating the sources of residual pharmaceuticals flowing
into the river ecosystem.

4. Conclusion

In the present study, an easy analytical method based on an on-
line SPE-LC-MS/MS system was applied to quantify various classes
of pharmaceuticals in influent and effluent wastewater of two large
STPs and in the natural water (i.e., Han River and its two tributaries)
in Seoul, Korea. More importantly, the contribution of the waste-
water discharged from the STPs to the pharmaceutical pollution of
the natural water was demonstrated using a simple mass balance
model. Relatively high levels of NSAIDs, antihistamines, and anti-
lipidemic agents (at concentrations above the sub-pg L) were
found in the influent of the two STPs. Oseltamivir, antiviral agents,
and various antibiotics that were detected in the STPs’ influent at
tens to hundreds ng L~! were also continuously detected in the
effluent. The pharmaceutical compounds under the study were also
detected in the tributary streams of Han River at approximately one
or more magnitude lower levels than those in STPs, mainly due to
hydraulic dilution, which was verified by the mass balance model.
The mass balance model also clearly demonstrated that most of the
pharmaceuticals found in the Han River were originated from the
STPs upstream of each tributary and STPs are not able to effectively
treat them.

To prevent pollution of the water environment by pharmaceu-
ticals, therefore, new technologies able to completely degrade the
compounds should be developed urgently. In addition, a good
management practice for pharmaceuticals should be applied to
minimize their flowing into a sewer.

Acknowledgements

This work was financially supported by the National Institute of
Environmental Research and the Ministry of Environment of the
Republic of Korea (NIER-SP2017-381), which is greatly appreciated.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.chemosphere.2019.03.046.

References

Andrade-Eiroa, A., Canle, M., Leroy-Cancellieri, V., Cerda, V., 2016. Solid-phase
extraction of organic compounds: a critical review (Part I). Trends Anal. Chem.
80, 641—654.

APHA, 2012. Standard Methods for the Examination of Water and Wastewater,
twenty-second ed. American Public Health Association, Washington, DC.

Archer, E., Petrie, B., Kasprzyk-Hordern, B., Wolfaardt, G.M., 2017. The fate of
pharmaceuticals and personal care products (PPCPs), endocrine disrupting
contaminants (EDCs), metabolites and illicit drugs in a WWTW and environ-
mental waters. Chemosphere 174, 437—446.

Azuma, T,, Arima, N., Tsukada, A., Hirami, S., Matsuoka, R., Moriwake, R., Ishiuchi, H.,
Inoyama, T., Teranishi, Y., Yamaoka, M., Mino, Y., Hayashi, T, Fujita, Y.,
Masada, M., 2016. Detection of pharmaceuticals and phytochemicals together
with their metabolites in hospital effluents in Japan, and their contribution to
sewage treatment plant influents. Sci. Total Environ. 548—549, 189—197.

Baker, D.R., Kasprzyk-Hordern, B., 2013. Spatial and temporal occurrence of phar-
maceuticals and illicit drugs in the aqueous environment and during waste-
water treatment: new developments. Sci. Total Environ. 454, 442—456.

Benson, R., Conerly, O.D. Sander, W. Batt, A. Boone, ].S. Furlong, E.T,
Glassmeyer, S.T., Kolpin, D.W., Mash, H.E., Schenck, K.M., Simmons, J.E., 2017.
Human health screening and public health significance of contaminants of
emerging concern detected in public water supplies. Sci. Total Environ. 579,
1643—1648.

Cahill, J.D., Furlong, E.T., Burkhardt, M.R., Kolpin, D., Anderson, L.G., 2004. Deter-
mination of pharmaceutical compounds in surface- and ground-water samples
by solid-phase extraction and high-performance liquid chromatography-
electrospray ionization mass spectrometry. . Chromatogr. A 1041, 171-180.

Casado, ]., Santillo, D., Johnston, P., 2018. Multi-residue analysis of pesticides in
surface water by liquid chromatography quadrupole-Orbitrap high resolution
tandem massspectrometry. Anal. Chim. Acta 1024, 1-17.

European Commission, 2013. Directive 2013/39/EU of the European parliament and
of the council of 12 August 2013 amending directives 2000/60/EC and 2008/
105/EC as regards priority substances in the field of water policy. Off. J. Eur.
Union 226, 1-17.

European Commission, 2015. Commission Implementing Decision (EU) 2015/495 of
20 March 2015 establishing a watch list of substances for union-wide moni-
toring in the field of water policy pursuant to Directive 2008/105/EC of the
European parliament and of the council. Off. ]. Eur. Union L78, 40—42.

Fairbairn, D.J., Arnold, W.A., Barber, B.L., Kaufenberg, E.F., Koskinen, W.C., Novak, P.J.,
Rice, PJ., Swackhamer, D.L, 2016. Contaminants of emerging concern: mass
balance and comparison of wastewater effluent and upstream sources in a
mixed-use watershed. Environ. Sci. Technol. 50, 36—45.

Furlong, E.T,, Batt, A.L, Glassmeyer, S.T., Noriega, M.C., Kolpin, D.W., Mash, H.,
Schenck, K.M., 2017. Nationwide reconnaissance of contaminants of emerging
concern in source and treated drinking waters of the United States: Pharma-
ceuticals. Sci. Total Environ. 579, 1629—1642.

Golet, E.M., Strehler, A., Alder, A.C, Giger, W., 2002. Determination of fluo-
roquinolone antibacterial agents in sewage sludge and sludge-treated soil using
accelerated solvent extraction followed by solid-phase extraction. Anal. Chem.
74, 5455—5462.

Guedes-Alonso, R., Sosa-Ferrera, Z., Santana-Rodriguez, ].J., 2015. An on-line solid
phase extraction method coupled with UHPLC-MS/MS for the determination of
steroid hormone compounds in treated water samples from wastewater
treatment plants. Anal. Methods 7 (14), 5996—6005.

Hanamoto, S., Nakada, N., Yamashita, N., Tanaka, H., 2018. Source estimation of
pharmaceuticals based on catchment population and in-stream attenuation in
Yodo river watershed, Japan. Sci. Total Environ. 615, 964—971.

Hong, Y., Sharma, V.K,, Chiang, P.C., Kim, H., 2015. Fast-target analysis and hourly
variation of 60 pharmaceuticals in wastewater using UPLC-high resolution mass
spectrometry. Arch. Environ. Contam. Toxicol. 69, 525—534.

Hugq, S., Garriques, M., Kallury, KM.R., 2006. Role of zwitterionic structures in the
solid-phase extraction based method development for clean up of tetracycline
and oxytetracycline from honey. J. Chromatogr. A 1135, 12—18.

Idder, S., Ley, L., Mazellier, P., Budzinski, H., 2013. Quantitative on-line preconcen-
tration-liquid chromatography coupled with tandem mass spectrometry
method for the determination of pharmaceutical compounds in water. Anal.
Chim. Acta 805, 107—115.

Kay, P., Hughes, S.R., Ault, J.R., Ashcroft, A.E., Brown, L.E., 2017. Widespread, routine
occurrence of pharmaceuticals in sewage effluent, combined sewer overflows
and receiving waters. Environ. Pollut. 220, 1447—1455.

Kim, C,, Ryu, H.D., Chung, E.G., Kim, Y., 2018. Determination of 18 veterinary anti-
biotics in  environmental water using high-performance liquid
chromatography-q-orbitrap combined with on-line solid-phase extraction.
J. Chromatogr. B 1084, 158—165.

Kiister, A., Adler, N., 2014. Pharmaceuticals in the environment: scientific evidence
of risks and its regulation. Philos. Trans. R. Soc., B 369, 20130587.

Luo, Y., Guo, W.,, Ngo, H.H., Nghiem, L.D., Hai, El, Zhang, ]J., Liang, S., Wang, X.C.,
2014. A review on the occurrence of micropollutants in the aquatic environ-
ment and their fate and removal during wastewater treatment. Sci. Total En-
viron. 473—474, 619—641.

Meyer, M.T., Lee, E.A., Ferrell, G.M., Bumgarner, J.E., Varns, ]., 2007. Evaluation of
Offline Tandem and Online Solid-phase Extraction with Liquid Chromatog-
raphy/electrospray lonization-Mass Spectrometry for Analysis of Antibiotics in
Ambient Water and Comparison to an Independent Method: U.S. Geological
Survey Scientific Investigations. Report 2007-5021, 28p.

Paranychianakis, N.V., Salgot, M., Snyder, S.A., Angelakis, A.N., 2015. Water reuse in
EU states: necessity for uniform criteria to mitigate human and environmental
risks. Crit. Rev. Environ. Sci. Technol. 45, 1409—1468.

Patrolecco, L., Capri, S., Ademollo, N., 2015. Occurrence of selected pharmaceuticals


https://doi.org/10.1016/j.chemosphere.2019.03.046
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref1
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref1
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref1
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref1
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref1
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref2
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref2
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref3
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref3
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref3
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref3
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref3
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref4
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref4
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref4
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref4
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref4
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref4
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref4
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref5
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref5
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref5
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref5
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref6
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref6
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref6
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref6
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref6
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref6
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref7
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref7
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref7
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref7
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref7
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref8
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref8
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref8
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref8
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref9
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref9
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref9
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref9
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref9
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref10
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref10
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref10
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref10
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref10
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref11
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref11
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref11
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref11
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref11
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref12
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref12
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref12
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref12
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref12
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref13
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref13
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref13
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref13
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref13
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref14
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref14
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref14
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref14
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref14
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref15
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref15
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref15
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref15
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref16
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref16
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref16
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref16
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref17
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref17
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref17
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref17
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref18
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref18
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref18
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref18
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref18
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref19
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref19
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref19
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref19
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref20
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref20
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref20
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref20
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref20
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref21
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref21
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref23
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref23
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref23
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref23
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref23
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref23
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref24
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref24
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref24
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref24
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref24
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref25
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref25
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref25
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref25
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref26

Y. Hong et al. / Chemosphere 225 (2019) 378—387 387

in the principal sewage treatment plants in Rome (Italy) and in the receiving
surface waters. Environ. Sci. Pollut. Res. 22, 5864—5876.

Pavlovi¢, D.M,, Babi¢, S., Horvat, AJ.M., Kastelan-Macan, M., 2007. Sample prepa-
ration in analysis of pharmaceuticals. Trends Anal. Chem. 26, 1062—1075.
Pietrogrande, M.C., Basaglia, G., 2007. GC-MS analytical methods for the determi-
nation of personal-care products in water matrices. Trends Anal. Chem. 26,

1086—1094.

Ratola, N., Cincinelli, A., Alves, A., Katsoyiannis, A., 2012. Occurrence of organic
microcontaminants in the wastewater treatment process. A Mini Review. ].
Hazard. Mater. 239—-240, 1-18.

Roberts, J., Kumar, A., Du, J., Hepplewhite, C., Ellis, D.J., Christy, A.G., Beavis, S.G.,
2016. Pharmaceuticals and personal care products (PPCPs) in Australia's largest
inland sewage treatment plant, and its contribution to a major Australian river

during high and low flow. Sci. Total Environ. 541, 1625—1637.

Sonya, K., Vince, P., Ming, L.Y., Alan, E., Aaron, P., Gurminder, P., Joanne, D.C,, Tim, F.,
2015. The contribution of pharmaceutically active compounds from healthcare
facilities to a receiving sewage treatment plant in Canada. Environ. Toxicol.
Chem. 35, 850—862.

US EPA, 2007. Method 1694: Pharmaceuticals and Personal Care Products in Water,
Soil, Sediment, and Biosolids by HPLC/MS/MS, pp. 1-72. EPA-821-R-08—002.

Vanderford, BJ., Pearson, R.A., Rexing, DJ., Snyder, S.A., 2003. Analysis of endocrine
disruptors, pharmaceuticals, and personal care products in water using liquid
chromatography/tandem mass spectrometry. Anal. Chem. 75, 6265—6274.

Yao, B., Yan, S., Lian, L., Yang, X., Wan, C., Dong, H., Song, W., 2018. Occurrence and
indicators of pharmaceuticals in Chinese streams: a nationwide study. Environ.
Pollut. 236, 889—898.


http://refhub.elsevier.com/S0045-6535(19)30482-5/sref26
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref26
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref26
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref27
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref27
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref27
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref27
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref27
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref27
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref28
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref28
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref28
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref28
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref29
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref29
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref29
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref29
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref29
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref30
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref30
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref30
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref30
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref30
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref31
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref31
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref31
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref31
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref31
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref32
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref32
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref32
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref32
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref33
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref33
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref33
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref33
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref34
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref34
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref34
http://refhub.elsevier.com/S0045-6535(19)30482-5/sref34

	Mass-balance-model-based evaluation of sewage treatment plant contribution to residual pharmaceuticals in environmental waters
	1. Introduction
	2. Experimental
	2.1. Chemicals and reagents
	2.2. Sample collection and preparation
	2.3. On-line SPE-LC-MS/MS analysis
	2.4. Method validation
	2.5. Setting up mass balance model
	2.6. Data analysis and calculation

	3. Results and discussion
	3.1. Optimization of on-line SPE-LC-MS/MS
	3.2. Method validation
	3.3. Occurrences of selected pharmaceuticals in wastewater and their receiving water

	4. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


