ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Occurrence and attenuation of pharmaceuticals
and their transformation products in rivers
impacted by sewage treatment plantst

i ") Check for updates ‘

Cite this: RSC Adv., 2017, 7, 40905

Daoping Zha,? Ying Li, @ *? Li Wang,? Cunman Yang® and Guanghua Lu?

Pharmaceuticals and their transformation products (TPs) have been generally detected in the aquatic
environment. They threaten human health and increase environmental risk, but knowledge on their fate
and attenuation in environmental ecosystems is still lacking. In this study, 13 parent pharmaceuticals and
8 of their TPs in wastewater containing rivers were investigated. We detected all of the compounds
except carboxyibuprofen and sulfacetamide in at least one site in all sampling points and found that
sewage treatment plants were the principal source of these substances. The majority of parent
pharmaceuticals were attenuated in Yangtze River and Qinhuai River, but only a small number were
attenuated in the Yunliang River. All detected TPs except 4-chlorobenzoic acid were attenuated in the
three rivers. Photodegradation, sorption to sediments, and biotransformation may be important

attenuation processes for these substances. We found the largest extent of attenuation in the Yangtze
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substances obtained by active and passive sampling were roughly the same; thus, using a polar organic
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Introduction

With the increasing severity of aquatic system pollution, phar-
maceuticals have become recognized as emerging contami-
nants. These compounds have prompted attention around the
world because of their unpredictable ability to disrupt ecosys-
tems and human health." Even at very low levels, they can have
effects on the environment.** They are released into rivers and
streams via wastewater from sewage treatment plants (STPs),
agricultural activity, and animal husbandry.*® The inappro-
priate treatment of pharmaceuticals leads to their continuous
input into aquatic systems. As a result, a multitude of phar-
maceuticals at nanogram-per-liter to microgram-per-liter levels
have been detected in surface water, groundwater, and even in
drinking water.”*° Moreover, the transformation products (TPs)
of pharmaceuticals by microorganisms under natural condi-
tions are present in aquatic environments. In aquatic environ-
ments, some TPs may form at higher concentrations or may be
more toxic compared with their parent compounds.” ™ Studies
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have shown that pharmaceuticals and some of their TPs can be
toxic to organisms, posing a threat to ecosystems and human
health through food-chain transmission and enrichment.***
After entry of these pharmaceuticals and their TPs into the
aquatic environment, they flow downstream with the water and
eventually undergo absorption and degradation, resulting in
their attenuation.

Knowledge about the attenuation of pharmaceuticals and
other polar micropollutants in rivers and streams has
increased,”™” but information on the attenuation of their TPs
remains limited, despite the growing number of TPs that have
been detected.'®'® The majority of research into the attenuation
of pharmaceuticals has been done under laboratory conditions
because of the complexity of actual environmental conditions.
Since application of simulation results under laboratory
conditions to actual environments is limited, further research is
needed to prove the feasibility of the experimental results. The
attenuation of pharmaceuticals and their TPs in rivers is
affected by numerous factors. Processes related to such atten-
uation may depend in part on water quality parameters of the
rivers, such as water velocity, dissolved oxygen levels, total
suspended solid concentration, temperature, and pH.'**°
Furthermore, studies have shown that cation exchange capacity,
complexation, and hydrogen bonding can affect attenuation.*
These substances undergo physical (dilution and volatilization),
chemical (adsorption and photolysis), and biological processes
(uptake and accumulation) as they are transported downstream,
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leading to changes in their concentrations.>®* Many
approaches to calculating the attenuation of these substances
have been developed. These include relative attenuation
(RA),"** in situ attenuation'®* and comparable model-based
approach.” The attenuation was evaluated by using first-order
kinetic for latter two approaches, but tracer study was essen-
tial in order to determine travel time. While relative attenuation
was calculated by using concentration of compounds between
two sites. Such calculation is still significant in the assessment
of attenuation of pharmaceuticals and their TPs in aquatic
environments.

In studies on the fate of polar organic micropollutants in
aquatic environments, samples were typically collected using
active sampling. It is cost and labor intensive to collect and
analyze large numbers of samples. Polar organic chemical
integrative samplers (POCIS) as a complementary approach can
obtain time-weighted average (TWA) concentration of these
contaminants in the aquatic environment during a specific
period. In addition, POCIS do not require a power supply in the
field and are flexible enough to be deployed at sites that are
difficult to access. POCIS have been successfully used for
monitoring a various of polar organic pollutants, such as polar
pharmaceuticals, endocrine disrupting compounds and
pesticides.”®>

In this study, we assessed the occurrence and attenuation of
13 pharmaceuticals and 8 TPs in rivers downstream of 3 STPs.
We observed the variability of concentration and attenuation of
the different pharmaceuticals. Because of the convenience and
economy of using POCIS, our main objective was to explore the
feasibility of using a POCIS in studying the attenuation of these
substances. Simultaneously, we compared the attenuation rates
of the pharmaceuticals and their TPs in the three rivers, and we
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analyzed the effects of different river characteristics on attenu-
ation. Our study provides a theoretical basis for determining the
attenuation of these substances in rivers.

Material and methods
Reagents and materials

Details of all reagents and materials are provided in the ESL.}
The physical and chemical properties of all target compounds
are shown in Table 1.

The POCIS consists of 200 mg of Oasis HLB sorbent sand-
wiched between polyether sulfone (PES) membranes (0.1 pm
pore size, 47 mm diameter, Lu Na Sheng Bio Technology
Company, China) locked with two Plexiglas flanges. The filler
was washed with methanol and ultrapure water before use. All
parts of the POCIS were soaked in methanol, rinsed with
ultrapure water, and then finally packed with aluminum foil.

Study sites and river characteristics

Field experiments were performed at four rivers affected by STP
effluents in Nanjing, China. The four rivers were Jinchuan (JC)
River and Yangtze (YZ) River, which are affected by northern city
(NC) STP; Qinhuai (QH) River, which is impacted by science
park STP; and Yunliang (YL) River, which is affected by eastern
city STP. For the JC River and YZ River, water was sampled at five
different locations: the STP effluent itself (N2); 200 m upstream
of the STP outfall (N1); 500 m downstream of the STP outlet
(N3), which converge with the YZ River; and at two locations at
distances of 2000 m (N4) and 4100 m (N5) from N3. Therefore,
the attenuation in the JC River at short distances was not
computed. Five sampling points in the QH River were selected:

Table 1 Physical and chemical properties of parent substances and transformation products (TPs)

Chemical MF* MW? log Kow* pK,?
Acetaminophen (ACE)° CgHoNO, 151.16 0.46 9.46
Phenacetin (PHE) C10H3NO, 179.22 1.58 5.20
Antipyrine (ATP) C11H1,N,0 188.22 ~1.55 1.40
Bezafibrate (BZB) C19H,(CINO, 361.83 3.99 3.83
4-Chlorobenzoic acid (4-CBA)* C,H5CIO, 156.57 2.23 4.07
Clofibric acid (CA) C1oH1,ClO; 214.64 2.90 3.37
Carbamazepine (CBZ) CysH1,N,O 236.27 2.77 7.00
Carbamazepine 10,11-epoxide (CBZE)* C,5H,,N,0, 252.27 2.58 5.13
Diclofenac acid (DCF) C14H;:CI,NO, 296.15 4.51 4.06
4-Hydroxydiclofenac acid (4-OHDCF)* C14H,,C,NO; 312.15 3.96 3.76
Ibuprofen (IPF) Cy13H150, 206.28 3.97 4.85
2-Hydroxy ibuprofen (2-OHIPF)* C13H;503 222.28 2.37 4.63
Carboxy ibuprofen (CIPF) Cy3H1604 236.26 2.78 3.97
Nifedipine (NP) C,7H;5N,0¢ 346.34 2.2 <3.50
Naproxen (NPX) C14H140; 230.26 3.18 4.15
1-Naphthol (1-NT) C10H;0 144.17 2.66 9.60
Sulfadiazine (SDZ) C1oH10N,0,S 250.27 —0.34 2.00/6.48
Sulfacetamide (STM)* CgH,10N,05S 214.23 —0.96 5.40
Sulfathiazole (ST) CoHyN;0,S, 255.31 0.05 2.32/7.24
Sulfamethoxazole (SMZ) C10H11N305S 253.27 0.89 1.39/5.70
N,-Acetyl sulfamethoxazole (NAST)® C1,H5N;0,8 295.31 0.86 0.38/5.90

4 MF refer to molecular formula. > MW refer to molecular weight (g mol™"). ¢ K, refer to octanol-water partition coefficient. ¢ pK, refer to acid

dissociation constant. ¢ Substances are TPs.
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the STP effluent itself (S2); 100 m upstream of the convergence
of sewage outflow and the QH River (S1, sewage flows into the
QH River at 250 m); and three points at distances of 200 m (S3),
1200 m (S4), and 3500 m (S5) from convergence. Water samples
from the YL River were collected at four sampling sites: 100 m
downstream of the STP outfall (E2), 200 m upstream of the
outfall (E1), and at two sites 2000 m and 3000 m from E2. A
detailed map of the sampling sites is given in Fig. 1. The water
quality parameters of the four studied rivers were considerably
different (Table 2).

Sampling methods

Active sampling. For a week, water samples were collected
four times at all sites along each river. For each river, samples
were obtained at a distance of approximately 30 cm below the
water surface every other day using a 1.5 L stainless-steel water
collector. A 1.0 L water sample was grabbed at each site, and
each sample was transferred to a brown polypropylene bottle
that had been previously washed with ultrapure water. All
collected water samples were kept at 0 °C until the next proce-
dure (within 24 h).

Passive sampling. For each site along the QH River and YL
River, three POCISs covered with stainless-steel mesh (0.5 mm)
were deployed during the first active sampling. The POCIS was
placed approximately 1.0 m below the water surface and with-
drawn a week later. Foreign substances attached to the surface
of the POCIS were rinsed off with ultrapure water, and the
device was then wrapped with aluminum foil and finally stored
at 0 °C until extraction (within 24 h).

Extraction methods

Extraction of water samples. Procedures for extraction of
water were described in detail previously.'**® Samples were
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extracted by solid-phase extraction (SPE). A 1.0 L water sample
spiked with 100 uL of internal standard solution (1 mg L™*
working solution in methanol) was extracted at each site. In the
pretreatment process, water samples were filtered through
a 0.45 um glass fiber filter to remove particulate matter. Oasis
HLB cartridges (500 mg, 6 cc) were activated with 5 mL of
methanol and then 5 mL of ultrapure water before loading.
After SPE, the cartridges were washed with ultrapure water (2 x
5 mL), dried for half an hour under vacuum to completely
remove moisture from the cartridges, and finally eluted with
methanol (2 x 5 mL). The eluate collected was concentrated
and evaporated to near dryness under a continuous nitrogen
stream and reconstituted with 1 mL of 50 : 50 methanol/water
(v/v) solution. The new eluent was filtered into a brown
1.5 mL chromatography bottle using a 0.22 um hydrophilic
polytetrafluoroethylene syringe filter prior to analysis.

Extraction with POCIS. The extraction procedure of POCIS
was based on previous report.***” After deployment, each POCIS
was disassembled. The sorbent filler was then transferred with
water from the sampler into an empty 6 mL SPE cartridge
containing a polyethylene frit and spiked with 100 pL of internal
standards. Another polyethylene frit was loaded. Ultrapure
water (2 x 5 mL) was added to the cartridge to eliminate
interference, which was then dried for half an hour under
vacuum before elution. Subsequent procedures were identical
to the extraction of water samples.

Analytical methods

Analysis of all target compounds was performed on an ultra-
performance liquid chromatography system (Waters Acquity
UPLC, USA) coupled to a triple quadrupole mass spectrometer
(Waters AcquityXevo TQ) with electrospray ionization (ESI). An
ultraperformance liquid chromatograph equipped with
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Fig.1 Sampling locations in the studied rivers (JC, YZ, QH and YL river) marking the STPs. Sampling sites are digitally marked along the river flow

direction.
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Table 2 Related parameters of four rivers
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River name Jinchuan (JC) Yangtze (YZ) Qinhuai (QH) Yunliang (YL)
STP North city (NC) North city (NC) Science park (SP) East city (EC)
Mean velocity” (m s~ ) 0.244 1.205 0.25 0.21
Temperature” (°C) 15.8 + 0.6 16 £ 1.0 11.7 £ 0.7 16.8 + 0.3
pr 7.2 £0.13 7.9 £ 0.24 7.7 £0.1 7.49 £ 0.3
Dissolved oxygen” (mg L™?) 7.16 £+ 0.3 8.77 £ 0.4 8.73 £ 0.4 5.17 £ 0.2
Electrical conductivity” (uS cm™) 590 £+ 19 600 £ 40 404 + 28 496 + 55
Total suspended solids” (mg L™) 13.6 + 3.5 214 £ 53 41.2 £ 10 19.1 £ 2.2

Sampling period 2016/11/05-2016/11/12

2016/11/05-2016/11/12

2016/11/26-2016/12/02 2016/12/16-2016/12/23

“ Average values was obtained from three measurements located in the middle of the study area. > Mean and standard deviation were calculated
from the values at points N1 and N2 for JC river, N3 and N5 for YZ river, S3 and S5 for QH river, E2 and E4 for YL river.

a Waters BEH C18 column (2.1 x 100 mm, 1.7 um particle
diameter) was used for chromatographic separation, and the
column temperature was maintained at 40 °C. The target
compounds were analyzed by gradient elution at a flow rate of
0.4 mL min~" and injection volume of 5 pL. A 98 : 2 (v/v) water/
methanol solution (phase A) and methanol solution (phase B),
both containing 0.05% formic acid, were used as mobile phases for
positive-ion mode; mobile phases of 98 : 2 (v/v) water/methanol
solution with 5 mM ammonium acetate (phase A) and acetoni-
trile (phase B) were used for negative ion mode. Details of the
gradient for the mobile phase and the acquisition parameters for
mass spectrometry are given in Table S1 and S2 (ESIT).

Quality assurance and quality control

Recovery experiments of all of the target compounds in top
water and river water were performed by spiking samples to
different levels. Recoveries of target compounds in top water
(with concentration of 10 and 100 ng L™") were at a satisfactory
range of between 62.4 (NP) and 135.36% (4-OHDCEF) (Table S3+)
and recoveries in river water (with concentration of 100 ng L™ )
ranged from 48% for 4-CBA to 126.5% for IPF (Fig. S17).
Recoveries were computed by comparing the concentrations
measured in the sample after the extraction process with the
initial spiked level. The concentrations measured in the sample
were determined by using internal sample calibration. Blank
control experiments containing only the internal standard were
analyzed; here, no target substances were detected. For passive
sampling during POCIS deployment in the field, unexposed
blank POCISs (n = 3) wrapped with aluminum foil were placed
in the refrigerator, and analysis was performed when the field
exposure experiment was finished. Moreover, the blank filler
(HLB, 200 mg) was analyzed in order to determine background
concentration of each target compound. In addition, the solvent
blank was analyzed. None of the target compound was detected
in the blanks. For active sampling, analogous blank experi-
ments were done and no target substance was detected.

Limits of detection and limits of quantification (LOQ),
defined as the lowest concentrations corresponding to signal-to-
noise ratios of 3 and 10, respectively (Table S31), were deter-
mined. The standard deviations from the recovery experiments
were <14%.

40908 | RSC Adv., 2017, 7, 40905-40913

Calculations of attenuation rate

The attenuation rates of pharmaceutical and their TPs along the
indicate their concentration changes relative to
a compound, which can remain for long periods in the aquatic
environment.” This means that concentrations at the down-
stream site compared to the upstream site are expected to be
equal for persistent compounds or lower for substances affected
by loss processes. We used CBZ, a compound that is widely
detected in sewage and has a long halflife in aquatic
systems.”®** The RA value of a substance was computed by
dividing its concentration at site 2 by the concentration at site 1.
The ratio was then normalized by the concentration ratio of CBZ
at both sites and finally multiplied by 100%. A positive value
indicates that the pharmaceutical is attenuated along the river,
whereas a negative value indicates an increase in concentration.
A value equal to zero indicates that the substance is persistent
or that its attenuation rate is approximately equal to its rate of
production. The RA (%) was calculated as follows:'***3°

river

CS,sile 2

CS,sile 1

RA=|1- x 100% (1)

CP‘site 2
CP‘site 1

where Cg site 1 and Cs site » are the concentrations (ng L") of the
substance at sites 1 and 2, respectively; Cp site 1 and Cp gie » are
the concentrations (ng L") of the persistent substance CBZ at
sites 1 and 2, respectively. In this study, sites 1 and 2 respec-
tively correspond to N3 and N5 for YZ River, E2 and E4 for YL
River, and S3 and S5 for QH River. There was not major
tributaries or additional sources of target compounds between
these two points. For the calculations, pharmaceuticals with
concentrations below LOQ at site 2 were assumed to be the LOQ
concentration. Thus, the attenuation rate was likely to be an
underestimate.

For the attenuation of substances on the POCIS, because of
the concentration from POCIS is calculated by the formula, and
require calibration of the POCIS. Moreover, calibration results
depend on the hydrological conditions of the river. Therefore,
we computed the RA of the compound from the POCIS by
considering its enrichment in the POCIS. This method does not
need calibration of the POCIS, and it assumes that the uptake
kinetics of analytes at the two sites is the same.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion
Occurrence of pharmaceuticals and their TPs in the four rivers

Among the target compounds, CIPF and STM were not detected
in all sampling sites; hence, they are not discussed here. Twelve
target compounds were detected at all sampling sites in the four
rivers. NP was the only one that was detected in sampling site
N2, which was the outlet of NC STP. This result implies that NP
is derived only from STP. CA, ST, NPX, and DCF were not
detected in the QH River, but DCF and NPX were detected at the
STP outlet. Concentrations of all analytes that were detected at
sites 1 and 2 are shown in Fig. 2, and concentrations of the
detected substances at all sites are listed in Table S4 (ESIt). In
general, the JC River and YZ River, which were affected by NC
STP, had a high concentration of target compounds. After all,
NC STP has a dense population around it, a majority of phar-
maceuticals caused by people were transported to the STP, so
that the STP discharges a large amount of wastewater contain-
ing high concentrations of contaminants; concentrations of the
detected compounds at N2 ranged from 0.68 ng L™" (CA) to
544.0 ng L~ " (CBZE). Moreover, the concentrations of DCF, CBZ,
and IPF were essentially the same as those in a study by Liu
et al,”® who analyzed concentrations of these substances
downstream of the NC STP outlet. Upstream of the NC STP
outlet, most of the compounds were detected at high concen-
trations, with some even higher than the outlet concentration
(such as ACE, IPF, SMZ, NAST). Besides the effluent from STP,
the site located upstream is also a source of these substances.
For the YZ River, the analyte concentrations at site 1 (N3) ranged
from 1.1 ng L' (CA) to 448.0 ng L™ " (CBZE). NP and 1-NT were
not detected there, but they were detected in the JC River. The
concentration of the majority of these substances in the outlet
of the QH River was substantially lower than that at the NC STP
outlet. The highest concentration detected was 124.0 ng L™ " for
ACE; 4-OHDCF reached the lowest concentration, 1.4 ng L™,
ACE is metabolite of PHE, which is widely used as an analgesic
and antipyretic around the world. PHE has a high concentration
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Fig. 2 Concentration from active sampling of 16 compounds detec-
ted at sampling sites 1 and 2. ACE, 4-CBA, CBZE, 4-OHDCF, 2-OHIPF
and NAST are TPs.
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in rivers receiving treated wastewater;*"** it was widely detected
in wastewater, surface water, groundwater, and even drinking
water.>>*® The concentration distribution of other sampling
points in QH River is shown in Table S4.7 The concentrations of
these compounds at E2 along the YL River ranged from
0.43 ng L' (SDZ) to 244.0 ng L™ * (PHE). The concentrations of
most of the compounds at most sampling points were higher
than those in the QH River (Table S47).

Attenuation of pharmaceuticals and their TPs

The attenuation data were obtained from points 1 and 2. The
change in concentration between these two points may be
attributed to dilution due to inflow of surface water or to the
elimination or formation of these compounds by various factors
downstream of the river. The calculation of attenuation rate
relative to that of CBZ, a persistent compound, can be done to
explain the dilution; RA > 0 indicates attenuation. The suc-
ceeding discussion is based on the results of active sampling at
the YZ, QH, and YL Rivers.

Attenuation of parent compounds. Eleven parent pharma-
ceuticals were attenuated in at least one river (Fig. 3). In the YZ
River, RA values ranged from —164% (ATP) to 94.1% (NPX), and
the attenuation rates of PHE, IPF, SMZ, DCF, NPX, and ST were
higher than those in the other two rivers. YZ River provides
environment conditions for attenuation that are more favorable
than those in the other two rivers. First, the total suspended
solids and the flow rate of the YZ River are much higher than
those of the QH River and YL River (Table 2). Absorption of the
compounds by suspended solids can cause the detected
concentrations to be lower than the actual. The high flow rate
hastens the diffusion of these compounds and indirectly affects
the attenuation. Second, YZ River has less shading along the
studied stretch, thus it is more illuminated compared with the
other two rivers. And it also provided more favorable conditions
for light penetration into the water column, the condition that
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Fig. 3 Relative attenuation (RA, %) of these parent pharmaceuticals
detected from site 1 to site 2 in the rivers based on samples collected
with active sampling. It is shown that the eleven of 13 parent phar-
maceuticals that were detected in at least one river. No data indicates
that the substance was not detected at two points.
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directly or indirectly aids the photodegradation of these
substances. Photodegradation was not the dominant attenua-
tion mechanism for most of the substances in forested rivers
such as QH River and YL River, which were mostly shaded by
trees and buildings. Although photolysis may be an important
attenuation mechanism, biotransformation may be as impor-
tant as or more significant than is photodegradation because of
light attenuation over depths or because of absorption of sus-
pended solids.*** This is particularly the case with the YZ River;
biotransformation is a significant removal process in this large
river.*® But for more photolabile compounds, photodegradation
may still be the dominant removal mechanism in deeper rivers.
The attenuation of NPX was likely underestimated because its
concentration at N3 was less than LOQ; for the calculations, its
concentration was assumed to be the LOQ. In a sunlit river,
photodegradation is the dominant attenuation process for NPX,
resulting in a half-life of less than 1 h.** Negative RA values for
active pharmaceutical ingredients are only possible, if a specific
source for the target is active along the flow path. This seems to
happen for ATP and SDZ in the Yangtze (Fig. 3); thus, there may
be a wide variety of pharmaceuticals in the YZ River or there
may be a small tributary that is hard to find near this. Among
the parent pharmaceutical compounds detected in the QH
River, IPF was the only one without attenuation, and concen-
trations at five sampling points (S1-S5) were not greatly
different. PHE, ATP, BZB, SMZ, SDZ, and 1-NT were attenuated;
their attenuation rates ranged from 12.2% (SMZ) to 59.6% for
(SDZ) in the QH River. The partial loss of pharmaceuticals may
be attributed to sorption by sediments; it may be a significant
mechanism resulting in the comparatively high attenuation
rates for a number of substances.?**®* We can conclude that the
sediment provided favorable conditions for the attenuation of
these substances in the QH River. But partition of hydrophilic
compounds to sediments is anyhow rather low as is biotrans-
formation in river water. Furthermore, river boundary condi-
tions such as shallow depth, low turbidity, and sandy sediments
aid phototransformation and biotransformation of these
substances.” In the YL River, only PHE, SMZ, NPX, and 1-NT
were attenuated. RA values of ATP, BZB, IPF, SDZ, CA, and DCF
were <0, indicating that the concentrations of these substances
increased from E2 to E4. The main cause of the increase in
concentrations was the discharge of wastewater from STP;
furthermore, there might be other sources of these substances.
Many people live on both sides of the YL River, and they put
most of their garbage into the river. Moreover, part of the
domestic sewage containing these substances may flow into the
river. Therefore, the YL River may be more contaminated than
were the other two rivers.

The attenuation of pharmaceuticals in the three rivers was
analyzed. Most of the pharmaceuticals except for ATP, SDZ, and
CA in the YZ River were more susceptible to attenuation than
they were in the other rivers (Fig. 3). Attenuation conditions for
these substances might have been favorable in the YZ River, that
is, favorable light and microbial conditions, fast flow velocity,
and so forth. River flow rate has a significant effect on the
attenuation, with higher velocity of water resulting in a larger
RA.*® On the other hand, a large amount of sewage discharged
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from the NC STP into the YZ River (previous study shows that
BOD, COD and TOC were 1.73 mg L', 24.4 mg L' and
15.05 g kg™ ', respectively*) contributes to a multitude of
microorganisms and bacteria in the water, which can form
biofilms at the water-sediment interface. Both processes absorb
and transform organic micropollutants.*>** Moreover, the total
organic carbon present in the sediments may affect the atten-
uation of these substances; low total organic carbon content
leads to high attenuation.**® DCF, NPX, and SMZ were atten-
uated in at least one river. Studies have shown that DCF and
NPX tend to undergo photodegradation, having a short half-life
in sunlit river; SMZ tends to undergo biodegradation.****** The
photolysis of SMZ has been shown to be strongly pH dependent
and higher photolysis at lower pH,** and studied rivers have
relatively high pH values (Table 2). Consequently, it conclude
that photodegradation contributes little to the total removal of
SMZ in rivers. However, photodegradation processes are
complex, we have to further explore the process to provide more
information on the removal by photolysis.

The attenuation pattern of the substances in the three rivers
were varied and complex. In order to understand the relation-
ship between the physical and chemical properties of these
substances and their attenuation rates, relevant analysis was
conducted. The results show that no correlation between them
(p > 0.05, Table S51); hence, the physical and chemical proper-
ties of these substances do not reflect the attenuation. In the YZ
River, the flow rate, photodegradation, biotransformation, and
total suspended solids may lead to attenuation. However,
sorption to suspended solids cannot be an attenuation process
for these substances in the QH River and YL River because the
particle load of the water samples was low. Therefore,
biotransformation and adsorption of sediments and photolysis
can result in attenuation in the QH and YL River. However,
comparison between different rivers is complicated due to the
different hydraulics and sediments.

Attenuation of TPs. All TPs detected except 4-CBA were
attenuated in the three rivers (Fig. 4). In theory, it can observe
the formation of TPs due to the transformation of parent
pharmaceutical compounds, but we detected only 4-CBA. The
attenuation rates of the remaining TPs were >0 in the three
rivers, and the TPs concentrations at site 1 were relatively high.
The attenuation rates of 4-CBA were <0 in the three rivers, which
indicates an increase in concentration. The trend of attenuation
is the same as that in previous studies.” The increase in 4-CBA
concentration suggests the transformation of its parent mole-
cule, BZB, but the 4-CBA concentration at sites 1 and 2 is much
higher than that of BZB; therefore, the accumulation of 4-CBA is
not entirely due to BZB. Part of the 4-CBA was may be derived
from the transformation of other substances such as pesticides
and herbicides***® or from other sources at sampling sites.
CBZE, 4-OHDCF, 2-OHIPF, and NAST were attenuated at
different levels in the three rivers; the maximum attenuation
rates of these TPs were appear in the YZ River, which provided
favorable conditions for attenuation, followed by those
observed in the QH River and YL River. The minimum attenu-
ation rate in the QH River was that for ACE, showing that ACE in
this river environment did not tend to attenuate or there were
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Fig. 4 Relative attenuation (RA, %) of transformation products (TPs)
detected from site 1 to site 2 in the three rivers based on active
sampling of samples.

other sources of ACE. This difference may be due to the much
higher concentrations of ACE at sites 1 and 2 compared with
those of its parent compound (Table S47).

Although several parent compounds were attenuated
downstream of the rivers, the corresponding TPs (except 4-
CBA) did not increase in concentration. This result may be
explained as follows: during transformation of the parent
compounds, the resulting TPs were attenuated because of
their short half-life. Because the sampling period between
sites 1 and 2 (correspond to N3 and N5 for YZ, E2 and E4 for
YL, S3 and S5 for QH) was short (<24 h), transformation of all
parent compounds during this period is unlikely. Thus, we
can conclude that the vast majority of these TPs were due to
the discharge of STP.

Comparison of attenuation results from active and passive
sampling

The purpose of comparing the attenuation results from active
and passive sampling was to determine whether passive
sampling can be applied to compute the attenuation of these
substances and perhaps organic micropollutants in rivers.
Attenuation rates of pharmaceuticals and their TPs from active
and passive sampling in the QH River and YL River are shown in
Fig. 5 (details are given in Table S61). The 83% confidence
intervals of the five pharmaceuticals and five their TPs overlap
with the 1 : 1 line, indicating good agreement between attenu-
ation rates calculated from the two sampling approaches.
Results for ACE and 4-CBA from active and passive sampling in
the YL River were also markedly different. The computed rates
for ACE and 4-CBA from passive sampling were 89.1% and
30.5%, respectively, and those from active sampling were 47.6%
and —73.4%, respectively. The former value was greater than the
latter. The 4-CBA concentration increased during active
sampling, and it decreased during passive sampling. The river
flow rate has an impact on the rates of POCIS uptake,*** but an
additional performance reference compound (PRC) needs to be
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used to correct for flow rate effects. Another explanation could
be additional inputs of these two compounds between E2 and
E4 during periods of time that were not captured by grab
sampling but were continuously accumulated by deployed
POCIS. The attenuation rates for BZB, SDZ, and IPF were
negative. Although the values were slightly different, they
showed the same attenuation trend as that obtained with active
sampling. Active sampling was thus likely to be instantaneous
sampling, and passive sampling involved continuous accumu-
lation of contaminants. Overall, passive sampling with an
appropriate PRC may be a reliable method for monitoring
attenuation of most of the compounds.

Conclusions

In this study, the occurrence and attenuation of pharmaceuti-
cals and their TPs in rivers receiving treated wastewater were
investigated. The results show that 19 of 21 compounds were
detected at in least one sampling point in each river. The
maximum concentration of the outlet of the STP was 544.0 ng
L~ (CBZE), and the minimum value was 0.43 ng L™ (SDZ). The
majority of the pharmaceuticals and their TPs were attenuated
in the rivers except in the YL River. Activities of the residents
along the river might have affected the river, resulting in
negative attenuation for some of the compounds. Photo-
degradation, sorption to sediments, and biotransformation
may be the major removal mechanisms for many of the
compounds. Results from active and passive sampling suggest
that passive sampling may be a reliable alternative to spot
sampling for determining the attenuation rates of many
compounds. Passive sampling can also be used for long-term
monitoring, which is too resource demanding by spot
sampling. However, its potential for measuring the attenuation
rates of more organic micropollutants needs in-depth
exploration.
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