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Abstract: The occurrence of micropollutants, including pharmaceuticals, personal care products, pes-
ticides, and hormones in various aquatic ecosystems is a matter of grave concern due to their possible
repercussions on human and wildlife endocrine systems. The wastewater containing pharmaceuticals
from various sites is usually introduced to sewage treatment plants (STPs); therefore, monitoring of
pharmaceuticals in STPs is crucial. In this study, we determined the occurrence of 58 pharmaceuticals
in the influent and effluent of 13 STPs based on regional and linked wastewater differences and inves-
tigated their removal rates. Furthermore, we assessed the contribution rates of some STP effluents
on pharmaceutical concentration in the upstream and downstream areas of the discharge source.
Different kinds of pharmaceuticals were measured in the STPs. The top five pharmaceuticals with
high concentrations in the influent of each STP were similar due to the dominance of domestic sewage
in the influent. The average concentration of acetaminophen, caffeine, acetylsalicylic acid, naproxen,
and ibuprofen in the influent of the STPs was higher than that of other pharmaceuticals, and their
removal was 94-100%. In contrast, iopamidol, cimetidine, diphenhydramine, and carbamazepine
showed a high average concentration in the effluent. The monitoring results of nine streams near
STPs indicated that the effluent could contribute to the increase in the types of pharmaceuticals in the
receiving streams. The detected pharmaceuticals’ types were 9-29 and 17-33 in the upstream and
downstream areas, respectively, of STP discharge channels. Based on flowrate data, the contribution
rate of the STP effluent on the stream was —69-326%.

Keywords: pharmaceutical; wastewater treatment plant; effect assessment; receiving streams

1. Introduction

The occurrence of micropollutants in various aquatic ecosystems is a matter of grave
concern due to their possible repercussions on human and wildlife endocrine systems.
With the growing interest in their effects on the human body and ecosystems, their oc-
currence and behavior in various water environments are being investigated [1,2]. The
micropollutants include household chemical products, such as pharmaceuticals, cosmetics,
antimicrobials, pesticides, and hormones [3].

Among them, the production and consumption of pharmaceuticals used for the treat-
ment of various diseases and the prevention of waterborne diseases are increasing globally.
They are usually introduced to sewage treatment plants (STPs) through various discharge
sources, including households, hospitals, and industries. Because pharmaceuticals have a
wide range of applications, regional variation in pharmaceuticals” occurrence patterns can
be observed. For instance, pharmaceuticals such as acetaminophen, caffeine, and ibupro-
fen are frequently detected with a higher concentration in the influent of STPs in North
America, Europe, and Asia. In contrast, a higher concentration of naproxen and triclosan
in North America [4-6] ciprofloxacin and gemfibrozil in Europe [7,8] cetylsalicylic acid,
chlortetracycline, cimetidine, and iopromide in Asia [9-12] were also reported, respectively.
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Meanwhile, some pharmaceuticals having complex chemical structures and physico-
chemical properties may be discharged from STPs without being treated [13]. The untreated
pharmaceuticals can be a trigger for the proliferation of pharmaceutical-resistant bacteria
which pose a potential risk to mankind [14,15]. Furthermore, residual pharmaceuticals
detected in aquatic environments are mainly caused by STP effluents [16,17]. Therefore, it
is necessary to identify the pollution status and establish management measures through
the continuous monitoring of STPs’ effluents and effluent-receiving streams.

In this study, we investigated the occurrence of 58 pharmaceuticals in the influents and
effluents of 13 full-scale STPs. Moreover, we also assessed the pharmaceuticals” occurrence
in receiving streams located nearby the discharge sources of the STPs.

2. Materials and Methods
2.1. Description of Target STPs

To assess the occurrence of pharmaceuticals in influent, linked wastewater, effluent,
upstream, and downstream of STPs, we selected 13 full-scale STPs. The 5 full-scale STPs
and the other 7 STPs were selected for the regional feature effect and for linked wastew-
ater effects on pharmaceuticals’ concentrations, respectively. The STPs were located in
the Chungcheongnam-do, Chungcheongbuk-do, Gyeonggi-do, Gyeongsangbuk-do, and
Jeollabuk-do provinces in Korea. The specifications of the STPs are summarized in Table 1.
We conducted four sampling campaigns (spring [April], summer [July], autumn [Septem-
ber], and winter [November]) using a grab sampling method. We collected 250 mL of each
sample (domestic sewage, linked wastewater, mixture of sewage and linked wastewater,
and effluent) with a stainless bowl. The collected samples were transferred immediately
into amber bottles and stored at 4 °C.

Table 1. Specifications of selected sewage treatment plants (STPs).

Linked Wastewater
STP  Capacity (m®/d) Process Regional Feature
Flowrate (m3/d) Percentage (%) Wastewater Type

1 22,000 HDF! Urban and rural complex area - - -

2 17,000 HDF ! Urban and rural complex area - - -

3 47,000 Bio-SAC Urban - - -

4 1500 SMMIAR 2 - 124.6 14.7 Industrial
5 25,000 Activated sludge, DNR 3 - 1916.6 8.9 Industrial
6 12,900 HDF ! - 163.7 1.3 Livestock
7 10,000 NPR # - 315.7 4.0 Livestock
8 30,000 SDPR 5 - 296 1.1 Leachate
9 2000 DeNiPho - 59.6 2.8 Leachate
10 16,000 CSBR ¢ - 209.9 2.3 Food waste
11 3000 DeNiPho - 68.2 2.5 Food waste
12 200 KSBNR 7 Rural - - -

13 300 CF-SBR 8 Rural - - -

Notes: 1: Hanwha dynamic flow. 2: Submerged moving media intermittent aeration reactor. 3: Daewoo nutrient
removal. 4: Nitrogen and phosphorus removal (with moving media). 5: SK denitrifying phosphorus removal.
6: Constant level and continuous flow sequencing batch reactor. 7: Kist Shinwon biological nutrient removal.
8: Continuous feeding sequencing batch reactor.

2.2. Target Pharmaceuticals and Chemical Reagents

We selected 58 pharmaceuticals classified as analgesics or non-steroidal anti-
inflammatory drugs (NSAIDs), antibiotics, antiarrhythmic agents, antihistamines, contrast
agents, hormones, stimulants, and “others” based on at least one of the following condi-
tions: (1) widespread occurrence; (2) high maximum concentration (exceeding 10,000 ng/L)
in municipal wastewater influents of Asia [3,10,12,18-26]; and (3) availability of analytical
techniques. The physicochemical properties of the target pharmaceuticals are summarized
in Table 2.
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Table 2. Physicochemical properties of target pharmaceuticals.

. Molecular Molecular Water Solubility
No. Pharmaceuticals CAS No. Formula Weight (g/mol) pKa (mg/mL) log Kow
Analgesics/Non-Steroidal Anti-Inflammatory Drugs
1 Acetaminophen 103-90-2 CgHgNO, 151.165 9.38 14 (at 20 °C) 0.46
2 Acetylsalicylic acid 50-78-2 CoHgOy4 180.159 3.49 3.3 (at20 °C) 1.19
3 Diclofenac 15307-86-5 C14H11CI,NO, 296.147 4.15 2.37 x 1073 (at 25 °C) 451
4 Ibuprofen 15687-27-1 C13H150; 206.285 5.3 2.1 x 1072 (at 25 °C) 3.97
5 Ketoprofen 22071-15-4 C16H1403 254.28 4.45 5.1 x 1072 (at 25 °C) 3.12
6 Naproxen 22204-53-1 C14H1403 230.263 4.15 15.9 x 1073 (at 25 °C) 3.18
Antibiotics
A 3.23* o
7 Amoxicillin 26787-78-0 C16H19N3055 365.404 7 43 3.43 (at 25 °C) 0.87
. 3.26*
8 Cefalexin 15686-71-2 C16H17N304S 347.389 703 ** 10 0.65
. 346*
9 Cefradine 38821-53-3 C16H19N304S 349.4 7.6 ** 21.3 -15
. 299 *
10 Chlortetracycline 57-62-5 CyHp3CIN,Og 478.882 9.04 ** 0.259 *** —0.62
11 Ciprofloxacin 85721-33-1 Cq17H18FN3 O3 3314 6.09 <1 0.28
12 Clarithromycin 81103-11-9 C3gHgoNO13 747.964 8.99 0.33 x 1073 3.16
13 Cloxacillin 61-72-3 C19H18CIN3O5S 435.9 2.78 139 x 1073 2.48
14 Demeclocycline 127-33-3 C,1H,1CIN,Og 464.9 g 22:;’6** 1.52 (at 21 °C) 0.2
15 Erythromycin 114-07-8 C37Hg7NO13 733.937 8.88 2 3.06
16 Florfenicol 73231-34-2 C1oH14C1,FNO4S 358.2 _8342 o 0.219 ***
17 Flumequine 42835-25-6 C14H12FNO3 261.25 6.5 2.19 *** (at 25 °C) 1.6
18 Lincomycin 154-21-2 C18H34N,04S 406.5 7.6 0.927 *** (at 25 °C) 0.29
*
19 Ofloxacin 82419-36-1 C18H9FN3Oy4 361.373 2;5** 28.3 —0.39
.. 14.03 * o
20 Oseltamivir 196618-13-0 C16HogN>Oy 3124 9.3] * 1.6 *** (at 25 °C) 1
S 4.19*
21 Oseltamivir acid 187227-45-8 C14Hp4 N> Oy 284.35 9.33 ** 0.686%** 0.95
22 Oxytetracycline 79-57-2 CorHy4N>Og 460.439 3.27 0.313 (at 25 °C) —0.90
*
23 Pefloxacin 70458-92-3 C17H9FN3O3 333.36 65 4676 x 11.4 (at25°C) 0.27
24 Penicillin G 61-33-6 C16H18N»04S 3344 2.74 0.21 1.83
25 Penicillin V 87-08-1 C16H18N»O5S 350.4 2.79 <1 2.09
26 Roxithromycin 80214-83-1 C41H76N»015 837.058 52035** 0.187 1.7
Sl 6.6%
27  Sulfachlorpyridazine 80-32-0 C10HoCIN4O,S 284.72 2.0+ 0.035 0.31
. . 6.91 %
28 Sulfadimethoxine 122-11-2 C1oH14N4O04S 310.3 0.343 1.63

1.95**
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Table 2. Cont.

. Molecular Molecular Water Solubility
No. Pharmaceuticals CAS No. Formula Weight (g/mol) pKa (mg/mL) log Kow
29 Sulfamethazine 57-68-1 C1oH14N4O,S 278.330 7.59 1.5 (at 29 °C) 0.89
*
30 Sulfamethoxazole 723-46-6 C10H11N303S 253.276 16'9176 " 0.61 (at 37 °C) 0.89
31 Sulfathiazole 72-14-0 CoHgN30O,S; 255.310 7.2 0.373 (at 25 °C) 0.05
32 Tetracycline 60-54-8 C19Hp50; 288.4 3.3 0.231 (at 25 °C) -1.3
33 Triclosan 3380-34-5 CyHy4N,Og 444.440 79 0.01 (at 20 °C) 4.76
34 Trimethoprim 738-70-5 C14H1§N4O3 290.3 7.12 0.4 (at25°C) 091
35 Tylosin 1401-69-0 CyH77NO17 916.1 7.73 5 (at 25 °C) 1.63
*
36 Vancomycin 1404-90-6 CgH75C1oNgOpy 1449.2 92 9939 x 0.225 -3.1
Antiarrhythmic Agents
37 Atenolol 29122-68-7 C14H2o N, O3 266.341 9.6 13.3 (at 25 °C) 0.16
38 Metoprolol 51384-51-1 C15H5NO3 267.369 9.7 0.402 *** 1.88
39 Propranolol 525-66-6 C16H21NO, 259.349 9.42 0.0617 (at 25 °C) 3.48
Antihistamines
40 Chlorpheniramine 132-22-9 C16H19CINy 274.79 9.13 160 (at 25 °C) 3.38
41 Cimetidine 51481-61-9 C1oH16NgS 252.340 6.8 9.38 (at 25 °C) 0.40
42 Diphenhydramine 58-73-1 C17H1NO 255.35 8.98 3.06 (at 37 °C) 3.27
43 Ranitidine 66357-35-5 C13H2oN,03S 314.404 7.8 ** 0.0795 *** 1.93
Contrast Agents
S
44 Iopamidol 60166-93-0 C17H213N304 777.1 7;.18 r 120 *** (at 20 °C) —2.42
. 11.09 *
45 Iopromide 73334-07-3 C18H2413N30g 791.1 7 0.336 *** —2.05
Hormones
. 19.03 * o
46 Androstenedione 63-05-8 C19Hp607 286.409 48w 0.0578 (at 25 °C) 2.75
18.52 * o
47 Testosterone 58-22-0 C19Hp50; 288.4 _0.88 0.0234 (at 25 °C) 3.32
Stimulant
48 Caffeine 58-08-2 CgH1oN4O, 194.19 14 21.7 —0.07
Others
49 Aripiprazole 129722-12-9  Cy3H,;CloN3O, 4484 7.6 0.00777 53
50 Benzophenone 119-61-9 C13H190O 182.22 —7.5** 0.137 (at 25 °C) 3.18
*
51 Carbamazepine 298-46-4 C15H12N,O 236.274 i53'986** 0.152 *** 2.45
52 Fluoxetine 54910-89-3 Cy17H18F3NO 309.3 10.1 0.0017 *** 4.05
*
53 Gemfibrozil 25812-30-0 Ci15H2,03 250.338 _4445 - 0.0278 *** 4.387
54 Mefenamic acid 61-68-7 C15H15NO, 241.28 42 0.02 (at 25 °C) 5.12

55 Quetiapine 111974-69-7  Cy1HpsN30,S 383.51 7.06 0.0403 2.81
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Table 2. Cont.

No.

Pharmaceuticals

Molecular Molecular Water Solubility

CAS No. Formula Weight (g/mol) pKa (mg/mL)

log Kow

56

11.14 *

Sildenafil 139755-83-2  CpypH3zgNgO4S 474.6 3.5 2.75

5.99 **

57

Tadalafil 1

1517 *
71596-29-5  CpoHyoN304 389.4 e 0.25 17

58

Warfarin

81-81-2 C19H1404 308.333 5 0.017 (at 20 °C) 2.70

Notes: * Strongest acidic. ** Strongest basic. *** Estimated or predicted value.

All target pharmaceuticals, solvents, and chemical reagents were purchased from
Sigma-Aldrich (Saint Louis, MO, USA) and Fluka (Seelze, Germany) with high-purity
grade (>98%). The isotopically labeled standards were purchased from Sigma-Aldrich and
Toronto Research Chemicals (Toronto, ON, Canada). Based on dissolution characteristics, a
standard solution (10 mg/L) of each pharmaceutical was prepared using an appropriate
solvent (methanol, water, and 0.1 N HCI) and stored at 4 °C.

2.3. Target Pharmaceutical Analysis

For analysis, 5 mL of each sample was filtered using a 0.2 pm polyvinylidene fluoride
filter. A filtered sample quantity of 1350 puL was transferred into amber auto-sampler vials
and mixed with 150 pL of 1% formic acid in methanol, 10 pL of 40 mg/mL ethylenedi-
aminetetraacetic acid disodium salt dihydrate, and 10 pL of 500 ug/L isotopically labeled
standards in methanol.

A pretreated sample (900 pL) was analyzed using liquid chromatography-tandem
mass spectrometry (LC-MS/MS) [Nexera X2 (LC), LCMS-8050 (MS), Shimadzu, Co., Kyoto,
Japan] coupled with online solid phase extraction (SPE), which is commonly applied
for interference clean-up in the original matrix. The advanced chromatography experts
5 C18 pentafluorophenyl [ACE® 5 C18-PFP (150 x 2.1 mm)] and Shim-pack MAYI-ODS(G)
(2.0 x 10 mm) [Shimadzu, Co. Kyoto, Japan] columns were used for LC and online SPE,
respectively. The operating conditions of the online SPE LC-MS/MS are presented in Table 3.
In particular, acetylsalicylic acid, diclofenac, florfenicol, gemfibrozil, ibuprofen, triclosan,
and warfarin were analyzed in negative electrospray ionization mode in MS operation.

Table 3. Operating conditions of online solid phase extraction liquid chromatography-tandem
mass spectrometry.

Parameters

Condition

Mobile phase A, C 0.1% formic acid in water

Mobile phase B
Mobile phase D
Gradient elution
Injection volume
Flow rate
Ionization mode
Gas temperature
Gas flow
Nebulizer
Sheath gas heater
Sheath gas flow
Capillary voltage

Methanol
Acetonitrile:methanol:IPA:water (1:1:1:1)
10% B pump (0-5 min)—100% B pump (5-20 min)—10% B pump (20 min-)
900 pL
1.5 mL/min
ESI * negative, positive
270 °C
12 L/min
40 psi
375°C
11 L/min
(—)3500, (+)3500

Note: * ESI, electrospray ionization.
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2.4. Quality Control

To confirm the analysis method, linearity, limit of detection (LOD), limit of quantifica-
tion (LOQ), accuracy, and precision tests of the target pharmaceuticals were performed.

The LOD and LOQ were determined from fortified water samples with a signal-
to-noise (S/N) ratio of 3 and 10 on the chromatogram, respectively. The accuracies of
the target pharmaceuticals were determined by spiking the mixed standard solutions of
58 pharmaceuticals to concentration ranges of 10-200 (low level), 500-1000 (middle level),
and 1000-5000 ng/L (high level). In linearity assessment, the coefficient of determination
(R2) of the calibration curve for 58 pharmaceuticals was higher than 0.99. The LOD and LOQ
were in the ranges 1.3-24.9 and 4.2-79.2 ng /L, respectively. Furthermore, we confirmed the
reliability of the analysis method with high accuracies: 93.3-115.2% (low level), 92.8-108.0%
(middle level), and 93.8-113.4% (high level). The linearity, LOD, LOQ, and accuracy of the
target pharmaceuticals are summarized in Table S1.

2.5. Organic Carbon Analysis

In order to confirm the steady-state conditions of target STPs, the total organic carbon
(TOC) and dissolved organic carbon (DOC) concentration of the influents and effluents
of each STPs were analyzed using a total organic carbon analyzer (Shimadzu, Co., Kyoto,
Japan). For DOC analysis, each sample was filtered with a 0.45 um polytetrafluoroethylene
membrane filter.

3. Results and Discussion
3.1. Organic Carbon Remouval of Selected STPs

To identify the steady-state conditions of 13 STPs, the total organic carbon (TOC) and
dissolved organic carbon (DOC) concentrations of the influent and effluent of each STP
were analyzed. The average TOC and DOC concentrations in the influent were 33-137
and 24-120 mg/L, respectively, while those in the effluent were 6-15 and 3-10 mg/L,
respectively. The average TOC and DOC removal rates of the target STPs were 62-95%
and 61-96%, respectively, which were the lowest removal rates among those of STPs in
rural areas. Moreover, the average TOC and DOC concentrations in the effluent of the
target STPs were low, as they were 15 and 10 mg/L, respectively (Figure 1), confirming the
steady-state operation of the STPs regardless of the linked treatment and the properties of
the linked wastewater.

‘ Dlinfluent (mg/L) O Effluent (mg/L) oRemovaI(%)|

- -
= n @
o o o

Total Organic Carbon (mg/L)
=

A=

1

2

3

9 10 11 12 13

Wastewater treatmet plant No.

Figure 1. Removal of total organic carbon and dissolved organic carbon in 13 sewage treatment plants.
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3.2. Occurrence and Fate of Target Pharmaceuticals in Each STP

The types of micropollutants detected in the influent and effluent of the target STPs
varied depending on the regional features and linked treatment conditions. Among the
58 pharmaceuticals, 30-38 and 29-37 pharmaceuticals were detected in the influent and
effluent, respectively. Fourteen pharmaceuticals (amoxicillin, aripiprazole, chlortetracy-
cline, cloxacillin, demeclocycline, flumequine, oseltamivir acid, pefloxacin, penicillin G,
penicillin V, testosterone, triclosan, tylosin, and warfarin) were not detected in any of the
influent or effluent samples.

Among the 13 micropollutants from analgesics/NSAIDs, antiarrhythmic agents, and
antihistamines, 11-13 items were detected in the influent and effluent. Among the 30 an-
tibiotics investigated, 9-14 and 8-16 items were detected in the influent and effluent,
respectively.

The investigation of micropollutants whose concentrations exceeded the LOQ in the
influent and effluent of the 13 STPs revealed that the top five micropollutants with the
highest average concentration in the influent were acetaminophen (28,586 ng/L), caffeine
(25,470 ng/L), acetylsalicylic acid (13,551 ng/L), naproxen (5720 ng/L), and ibuprofen
(4318 ng/L), while the top five micropollutants in the effluent were iopamidol (3648 ng/L),
cimetidine (1589 ng/L), caffeine (434 ng/L), diphenhydramine (278 ng/L), and carba-
mazepine (265 ng/L). Moreover, when the average removal rate for each micropollutant
in the target STPs was calculated, acetaminophen, acetylsalicylic acid, androstenedione,
caffeine, cefalexin, cefradine, ibuprofen, and naproxen showed an average removal rate
of >90%. The average concentrations of carbamazepine, chlorpheniramine, diclofenac,
diphenhydramine, iopamidol, iopromide, lincomycin, metoprolol, propranolol, sildenafil,
and sulfamethazine were found to be higher in the effluent than in the influent of the STPs
(Figure 2).
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Figure 2. Occurrence and removal of target pharmaceuticals in 13 sewage treatment plants.

Despite the differences in process configuration, regional feature, and linked wastew-
ater, the removals of pharmaceuticals including acetaminophen, acetylsalicylic acid, an-
drostenedione, caffeine, cefalexin, cefradine, ibuprofen, and naproxen were as high as 90%.
The contribution of biological wastewater treatment in the removal of these pharmaceuti-
cals is widely known [6,23-25,27-29]. In contrast, a negative removal of carbamazepine,
chlorpheniramine, diclofenac, diphenhydramine, iopamidol, iopromide, lincomycin, meto-
prolol, propranolol, sulfamethazine, and sulfathiazole in each STP was verified. They
have resistance to biological wastewater treatment [30-33]. Research on the removal of
pharmaceuticals having resistance to biological wastewater treatment emphasized tertiary
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treatment including activated carbon, UV /H;0O;, Fenton oxidation, and ozonation [34-36].
However, the mitigation of pharmaceuticals in effluent is limited as only a few countries
have regulations for pharmaceuticals in the effluent from STPs; moreover, tertiary treatment
is not mandatory.

3.3. Occurrence of Target Pharmaceuticals in STPs Based on Regional Differences
3.3.1. Urban Area

The investigation of the concentrations of micropollutants in the influent and effluent
of an STP (STP_3) showed that the top five micropollutants with the highest average con-
centration in the influent were caffeine (109,175 ng/L), acetaminophen (40,182 ng/L),
acetylsalicylic acid (24,420 ng/L), naproxen (8697 ng/L), and ibuprofen (5497 ng/L),
while the top five micropollutants in the effluent were iopamidol (3634 ng/L), cimetidine
(546 ng /L), roxithromycin (396 ng/L), diphenhydramine (225 ng/L), and acetylsalicylic
acid (216 ng/L) (Tables S2 and S3). In particular, the concentration of caffeine in the influent
was 5.1-9.5 times higher than those in the STPs in urban and rural complex and rural
areas. During the treatment process, >99% of the top five micropollutants in the influent of
the STP were removed. Six items (androstenedione, cefalexin, ciprofloxacin, mefenamic
acid, ranitidine, and tetracycline) exhibited a removal rate of more than 70%. However,
the concentrations of some micropollutants (such as clarithromycin, diphenhydramine,
iopamidol, iopromide, lincomycin, and roxithromycin) were higher in the effluent than in
the influent, revealing that they were not treated in the STP.

3.3.2. Urban and Rural Complex Area

The investigation of the concentrations of micropollutants in the influent and efflu-
ent of two STPs (STP_1 and STP_2) revealed that the top five micropollutants with the
highest average concentration in the influent were caffeine (25,425 ng/L), acetaminophen
(24,907 ng/L), acetylsalicylic acid (12,982 ng/L), iopamidol (9486 ng/L), and naproxen
(5051 ng/L), while the top five micropollutants in the effluent were iopamidol (5099 ng/L),
cimetidine (1140 ng/L), ciprofloxacin (798 ng/L), iopromide (395 ng/L), and diphenhy-
dramine (279 ng/L) (Tables S2 and S3). The average removal rate was found to be more
than 97% for caffeine, acetaminophen, acetylsalicylic acid, naproxen, and ibuprofen. The
removal of some micropollutants (such as chlorpheniramine, diclofenac, iopamidol, and
propranolol) was not observed.

3.3.3. Rural Area

The investigation of the concentrations of micropollutants in the influent and effluent
of two STPs (STP_12 and STP_13) showed that the top five micropollutants with the highest
average concentration in the influent were acetaminophen (34,371 ng /L), acetylsalicylic acid
(12,434 ng/L), caffeine (11,013 ng/L), ibuprofen (5770 ng/L), and naproxen (4795 ng/L),
while the top five micropollutants in the effluent were cimetidine (3971 ng/L), iopamidol
(3256 ng/L), caffeine (2322 ng/L), carbamazepine (745 ng/L), and naproxen (655 ng/L)
(Tables S2 and S3). The top five micropollutants in the influent were similar to those in
the influent of the urban STP; however, the removal rates of caffeine and naproxen, which
showed high removal rates in the STPs in urban and urban-rural complex areas, were
found to be relatively low. This may be due to the large fluctuations in the influent load of
small-scale STPs in rural areas.

The removal rates of acetaminophen, acetylsalicylic acid, ibuprofen, cefalexin, ce-
fradine, and androstenedione were more than 90%, while those of caffeine, naproxen,
quetiapine, and trimethoprim were 50-90%. Some substances (such as atenolol, cimetidine,
sulfamethoxazole, iopamidol, and diclofenac) were not removed in the treatment facilities.
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3.4. Occurrence of Target Pharmaceuticals in STPs Based on Linked Wastewater Differences
3.4.1. Industrial

In the two STPs (STP_4 and STP_5) linked with industrial wastewater, it was not
possible to collect domestic sewage influent because wastewater was directly introduced
through the sewer from the wastewater discharge facilities. The investigation of the
concentrations of micropollutants in the linked wastewater, mixed water, and effluent of
the STPs showed that the top five micropollutants with the highest average concentration
in the linked wastewater were caffeine (7722 ng/L), acetaminophen (6745 ng/L), iopamidol
(2726 ng/L), naproxen (2657 ng/L), and acetylsalicylic acid (1915 ng/L), while the top
five micropollutants in the mixed water were acetaminophen (25,410 ng/L), iopamidol
(13,140 ng/L), acetylsalicylic acid (13,094 ng/L), caffeine (12,731 ng/L), and naproxen
(4876 ng/L) (Tables S2 and S3). The top five micropollutants in the mixed water showed
different concentrations from those in the influent of the STPs in urban and rural complex
areas; however, the micropollutant types were similar. This appears to be because of the low
ratio of the linked wastewater to the total treatment volume in the entire treatment facility.

3.4.2. Livestock

The investigation of the concentrations of micropollutants in the influent, linked
wastewater, mixed water, and effluent of the two STPs (STP_6 and STP_7) linked with
livestock wastewater revealed that the top five micropollutants with the highest average
concentration in the influent were acetaminophen (24,747 ng/L), caffeine (19,611 ng/L),
acetylsalicylic acid (13,009 ng/L), naproxen (5994 ng/L), and ibuprofen (3112 ng/L), while
the top five micropollutants in the linked wastewater were lincomycin (3723 ng/L), mefe-
namic acid (1568 ng/L), acetylsalicylic acid (615 ng/L), sulfamethazine (528 ng/L), and
naproxen (504 ng/L). The top five micropollutants in the mixed water were acetaminophen
(22,878 ng/L), caffeine (15,266 ng /L), acetylsalicylic acid (7167 ng/L), naproxen (6198 ng/L),
and ibuprofen (3040 ng/L) (Tables S2 and S3). Although the types of the top five micropollu-
tants in the linked wastewater were different from those of the facilities investigated above,
the top five micropollutants in the mixed water were the same as those in the influent. The
micropollutant load introduced into the STPs linked with livestock wastewater was mainly
affected by those in domestic sewage.

3.4.3. Leachate

The investigation of the concentrations of micropollutants in the influent, linked
wastewater, mixed water, and effluent of the two STPs (STP_8 and STP_9) linked with
leachate showed that the top five micropollutants with the highest average concentration
in the influent were acetaminophen (23,629 ng/L), caffeine (11,953 ng/L), acetylsalicylic
acid (10,908 ng/L), naproxen (5539 ng/L), and ibuprofen (3156 ng/L), while the top five
micropollutants in the linked wastewater were ibuprofen (13,185 ng/L), mefenamic acid
(6148 ng /L), ketoprofen (3802 ng/L), caffeine (2505 ng/L), and naproxen (2497 ng/L). The
top five micropollutants in the mixed water were acetaminophen (22,916 ng/L), acetylsal-
icylic acid (18,115 ng /L), caffeine (11,335 ng/L), naproxen (6709 ng/L), and cimetidine
(5353 ng/L) (Tables S2 and S3). The top five micropollutants in the leachate were NSAIDs,
and the concentration of ketoprofen was relatively higher than those in other linked wastew-
ater. This may be because ketoprofen is released into leachate during the waste treatment
process as it is an anti-inflammatory analgesic commonly found in commercial medical
products, such as pain relief patches, and disposed of in a solid form.

3.4.4. Food Wastewater

The investigation of the micropollutants in the influent, linked wastewater, mixed wa-
ter, and effluent of the two STPs (STP_10 and STP_11) linked with food wastewater revealed
that the top five micropollutants with the highest average concentration in the influent were
acetaminophen (33,234 ng/L), caffeine (30,914 ng/L), acetylsalicylic acid (13,428 ng/L),
ibuprofen (7778 ng/L), and naproxen (6702 ng/L). The top five micropollutants in the linked
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wastewater were caffeine (1154 ng/L), mefenamic acid (820 ng/L), diclofenac (576 ng/L),
iopamidol (556 ng/L), and ibuprofen (427 ng/L), while the top five micropollutants in the
mixed water were caffeine (26,789 ng/L), acetaminophen (26,433 ng/L), acetylsalicylic acid
(13,624 ng/L), naproxen (6104 ng/L), and ibuprofen (5111 ng/L) (Tables S2 and S3).

3.5. Occurrence of Pharmaceuticals in Effluent-Receiving Streams

In 9 of the 13 STP effluent receiving streams, 9-29 and 17-33 pharmaceuticals were
detected in the upstream and downstream areas, respectively, of the discharge channel, con-
firming that the STPs contributed to the increase in the number of detected micropollutants
in the downstream area. Fighteen pharmaceuticals, including amoxicillin, androstene-
dione, aripiprazole, chlortetracycline, cloxacillin, demeclocycline, flumequine, metoprolol,
oseltamivir acid, pefloxacin, penicillin G, penicillin V, sulfathiazole, tadalafil, testosterone,
triclosan, tylosin, and warfarin were not detected (Figure 3a). To evaluate the effect of STPs
on receiving streams, the following 10 items were selected from the 58 residual pharma-
ceuticals: acetaminophen and diclofenac (anti-inflammatory analgesics), ciprofloxacin and
lincomycin (antibiotics), cimetidine (antihistamine), atenolol (antiarrhythmic agent), caf-
feine (stimulant), carbamazepine (antiepileptic), iopamidol (contrast agent), and mefenamic
acid (anticoagulant). The substances that can be treated in the STPs, such as acetaminophen
and caffeine, did not affect the concentrations of micropollutants in the receiving stream;
however, substances such as carbamazepine, diclofenac, and lincomycin contributed to
the increase in their concentrations in the receiving stream (Figure 3b). Moreover, atenolol,
ciprofloxacin, and mefenamic acid, which exhibited removal rates of 40-60% in the STPs,
contributed to the increase in micropollutant concentrations in the effluent-receiving stream.
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Figure 3. (a) Detection of target pharmaceuticals in the stream near sewage treatment plants (STPs).
(b) Occurrence of selected pharmaceuticals in the stream near STPs. DOC, dissolved organic carbon.

To investigate the effect of STP effluent on the concentrations of micropollutants in
the receiving stream, the contribution rates of STP effluent on four receiving streams that
provide flow measurement network data, including the W stream (STP_4), B stream (STP_5),
S stream (STP_7), and ] stream (STP_9), were calculated. The ratios of STP effluent flow to
the stream flow of the W, B, S, and ] streams were 0.9%, 30%, 2%, and 0.06%, respectively.



Water 2023, 15, 3897

11 0f 14

The pollutant load was calculated using the average concentration of each micropollutant
in the effluent and the upstream and downstream areas of the discharge channel, effluent
flow of the four facilities, and stream flow. The contribution rate was analyzed using the
following equation:

Contribution rate (%) = MEgfluent/ (MDownstream — MUpstream) x 100 1)

where Mgguent = mass loading of pharmaceuticals in the STP effluent (g/d); Mpownstream =
mass loading of pharmaceuticals downstream; Mypstream = mass loading of pharmaceuti-
cals upstream.

The investigation of the ten items showed that the contribution rates of STP effluent on
the receiving streams were 0.5-59% for the W stream, —69-326% for the B stream, —9.4-41%
for the S stream, and 0.2-13% for the ] stream (Figure 4).
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Figure 4. Contribution rate of sewage treatment plant (STP) effluent to the stream located near STPs.
(a) W stream (STP_4), (b) B stream (STP_5), (c) S stream (STP_7), and (d) ] stream (STP_9).

In the W stream, acetaminophen showed the lowest contribution rate (0.5%) among
the selected substances. In the case of carbamazepine and diclofenac, which are difficult
to treat in the STPs, the contribution rates of STP effluent on the receiving stream were
found to be 9.9% and 14.6%, respectively, which were relatively higher than those of other
selected substances. Iopamidol exhibited the highest contribution rate (59.4%) among the
selected substances. This appears to be because the iopamidol load in the upstream area
was 14-150-times higher than those of other selected substances. In the B stream, the ratio
of STP effluent flow to the stream flow was 30%, and thus the influence of the STP effluent
was highest among the target receiving streams. In particular, the contribution rates of
STP_5 effluent on carbamazepine and diclofenac in the stream were found to be 50% and
161%, respectively. The contribution rate of caffeine in the C stream was a negative value,
indicating that the effluent of the STP reduced the concentration of the substance in the
receiving stream. The contribution rate of ciprofloxacin (15.9%) was found to be higher
than that of other STPs. In the J stream, the ratio of STP effluent flow to the stream flow
was low, and thus no substantial change in the concentrations of micropollutants in the
stream was observed. However, iopamidol was accumulated in the upstream area. For
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iopamidol, an X-ray contrast agent, the contribution rate of STP effluent in the downstream
areas of the four streams ranged from 6% to 131%. It appears that iopamidol was detected
in higher concentrations than the other micropollutants due to its accumulation in these
streams. Furthermore, iopamidol is discharged from STPs without being properly removed;
therefore, its continuous monitoring and management are required.

4. Conclusions

In this study, 13 STPs were selected based on regional and linked wastewater differ-
ences. The pharmaceuticals’ concentration in the influent and effluent and their occurrence
in effluent-receiving streams were also investigated.

A significant difference in pharmaceuticals’ type in the STP influent by regional feature
was not observed. The concentration of caffeine, was the highest in the STP influent from
urban and rural complex areas, while that of acetaminophen was the highest in the STP
influent from rural areas. In the STPs in rural areas, caffeine and naproxen, which exhibited
high removal rates in residential, commercial, and urban and rural complex areas, showed
relatively low removal rates. This appears to be due to large fluctuations in the influent
load for small-scale STPs in rural areas and insufficient maintenance.

The occurrence characteristics of pharmaceuticals in the influent of STPs, which treat
linked wastewater, were not remarkably different. This appears to be because of the
low ratio of the linked wastewater to the total influent volume. Lincomycin, mefenamic
acid, and sulfamethazine exhibited high concentrations in linked livestock wastewater,
while mefenamic acid and ketoprofen were high in linked leachate. Therefore, intensive
monitoring is required for treating these micropollutants in STPs having a high ratio of
linked treatment.

In the nine effluent-receiving streams, 9-29 and 17-33 pharmaceuticals were detected
in the upstream and downstream, respectively. It confirmed that the number of pharma-
ceuticals detected in the effluent-receiving streams was increased by the STP effluent. The
contribution rate of the STP effluent on the streams was found to range from —69-326%.
The STPs were not designed for the mitigation of pharmaceuticals but for the treatment of
conventional water quality criteria items such as organics, nitrogen, and phosphorus. There-
fore, investigation of pharmaceuticals in STP influent and effluent and effluent-receiving
streams should be performed to meet the future water quality level and to establish the
management measures.
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