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ABSTRACT

Pharmaceuticals and personal care products (PPCPs) have raised considerable concern around the
world due to their potential toxicity for ecological system and human health. PPCPs are ineffectively
removed by conventional wastewater treatment processes and thus occur widely in aqueous envi-
ronments. This study investigated the occurrence and removal of 28 often-used PPCPs (including
selected antibiotics, estrogens, non-steroidal anti-inflammatory drugs, beta-blockers, and lipid
regulators) in the primary, secondary and tertiary (ultrafiltration/reverse osmosis (UF/RO)) treat-
ment processes of the Water Resource Recycling Center (WRRC) and surface waters in Taiwan. We
have demonstrated 20 target PPCPs in WRRC influents; sulfamethoxazole (1353 ng/L), caffeine (6823
ng/L) and acetaminophen (2716 ng/L) were found at high concentrations. Secondary and chlorina-
tion processes showed inefficient removal for PPCPs (12 PPCPs had <80% removal). However, most
target compounds were removed effectively (with ~90% removal) in the tertiary process (UF/RO)
except for oxytetracycline and caffeine, and the overall removal efficiency by WRRC was >99%. More
than 10 compounds were detected in the surveyed surface waters (from reservoirs, river waters
and dams). Caffeine had the highest observed concentration (1,813 ng/L) while others were pres-
ent at <260 ng/L. Sulfamethoxazole, sulfamethazine, sulfadimethoxine and caffeine were detected
most frequently (>70%). Some of the PPCPs found originated from discharges from conventional
wastewater treatment plants. In conclusion, RO demonstrated good overall performance and could
be used to process wastewater to better ensure the health of humans and wildlife.
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1. Introduction

Pharmaceuticals and personal care products (PPCPs)
are an important and emerging group of contaminants
that have increasingly raised concerns due to their health
effects on organisms and potential risk to ecosystems,
even at low concentrations (ng/L-pg/L). In compli-
ance with regulations set by Taiwan’s Environmental

* Corresponding author.

Protection Administration (EPA), waste streams from
wastewater treatment plants (WWTPs) are treated only
to meet minimal effluent standards (BOD 30 mg/L,
COD 100 mg/L, SS 30 mg/L, true color 550 and E. coli
200,000 CFU/100 mL). PPCPs are therefore not efficiently
removed during treatment processes in conventional
WWTPs and have been subsequently released into aque-
ous environments [1-3].

Many investigators have reported the presence of
PPCPs at significant concentrations in aquatic environ-
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ments around the world [4-7]. In South Korea, Kim
et al. [5] found antibiotics (1.7-36 ng/L), estrogens (up
to 5.0 ng/L), non-steroidal anti-inflammatory drugs
(NSAIDs) including acetaminophen, naproxen, ibu-
profen and diclofenac (1.1-73 ng/L), and gemfibrozil
(1.8-9.1ng/L) in three rivers that received WWTP efflu-
ents. Managaki et al. [4] identified veterinary antibiotics
(sulfonamides, macrolides, and trimethoprim) at concen-
trations of 4-448 ng/L in a Japanese river and 7-360 ng/L
in Vietnamese rivers and canals.

Waste effluents from hospitals, WWTPs, and sewage
treatment plants are major sources of environmental
PPCP contamination. Several PPCPs have been found
persisting in the effluents from conventional wastewater
treatment processes [2,7-9]. Heberer [10] detected caf-
feine, naproxen, and ketoprofen in wastewater effluents
at concentrations of 180, 80 and 230 ng/L; these were
removed at more than 99%, 82% and 23% efficiencies, re-
spectively. Brown et al. [6] found concentrations of sulfa-
methoxazole of 390 ng/L in WWTP influents and 310 ng/L
in effluents. Effluent concentrations of macrolides have
been reported to be as high as 328 ng/L and to persist
through winter due to their lower biological activity and
higher input [12]. Sulfonamides and macrolides were
not easily adsorbed onto activated sludge for purposes
of degradation [13-15]. Several studies have suggested
that tertiary treatments are needed in WWTPs in order
to effectively eliminate PPCPs [5,11,16-18]. Filtration
processes such as reverse osmosis (RO) and nanofiltration
(NF) can remove PPCPs, which tend to be neutral, with
great efficiency [3].

Comprehensive studies of the occurrence and fate
of PPCPs in Taiwan’s aqueous environments are still
very limited. The aim of this study is to investigate the
occurrence and fate of 28 often-used PPCPs, including
17 antibiotics, a psychostimulant, a lipid regulator, four
non-steroidal anti-inflammatory drugs (NSAIDs), four
estrogens, and one beta-blocker (Table 1), in the primary,
secondary and tertiary (ultrafiltration/reverse osmosis,
UF/RO) treatment processes of Taiwan’s Water Resource

Table 1
LC-ESI-tandem MS conditions by MRM in positive and nega-
tive mode

Ionization mode ESI+  ESI-
Dwell time, ms 10 50
Ion spray voltage (IS), kV 5.5 4.5
Curtain gas (CUR), L/h 10 10
Gas1 (GS1), L/h 60 50
Gas2 (GS2), L/h 50 60
Temperature (TEM), °C 500 500
Interface heater (ihe) ON ON
Collisionally activated dissociation (CAD) 5 5

Recycling Center (WRRC) as well as to survey four sur-
face waters in the northern, central and southern parts
of Taiwan [19-26].

2. Methods
2.1. Site description and wastewater treatment process

Fig, 1a is a map of the sampling locations in Taiwan,
including the WRRC and four surface waters A-D (Loca-
tion A is in Longtan Township, Taoyuan County, Taiwan;
Location B is in Shihgang Township, Taichung County,
Taiwan; Location C is in Jiji Township, Nantou County,
Taiwan; and Location D is in Dashu Township, Kaohsiung
County, Taiwan.) Samples were taken on different dates
(Location A: 6/4,7/23, and 8/20; Location B: 7/22, 8/20, and
8/27; Location C: 6/4; and Location D: 5/30, 7/22, and 8/21;
all dates are from 2009.) All analyses were done in trip-
licate, and averaged values are reported in Fig. 2. Fig. 1b
shows the wastewater treatment processes in WRRC, the
location of sampling sites, and the sampling date. The
WRRC mainly includes primary (primary clarifier (PC)),
secondary (aeration tank (AT) + secondary clarifier (5C))
and chlorination processes, and tertiary (UF/RO) treat-
ment processes. Water samples were collected from the
influent (S1), the effluent of the secondary and chlorina-
tion processes (S2), and the effluent of the UF/RO process
(53) according to the hydraulic retention time (HRT)
preferred by the WRRC. These surveyed surface waters
in northern, central and southern parts of Taiwan consti-
tute the sources for drinking-water treatment processing
plants and are distributed to large civilian populations.

2.2. Sample collection and preparation

Grab samples (1 L) were collected from each sampling
site in amber-glass bottles (rinsed with methanol and
deionized water) and stored in ice-packed coolers. Water
samples were all collected between May and August,
2009, and analysis was completed within two weeks of
sample collection. Eight mL of 0.125 M EDTA-2Na were
added to amber-glass bottles before collecting samples
meant for analysis of tetracycline antibiotics. Tetracyclines
(tetracycline, oxytetracycline, and chlortetracycline) can
be sorbed by residual metals in the sample matrix, caus-
ing irreversible binding and lower recovery. Therefore,
EDTA-2Na was employed to chelate metals sufficiently
and prevent interference with extraction of the tetracy-
cline antibiotics [19]. All samples were vacuum-filtered
through 0.45-pm and 0.22-pum cellulose acetate mem-
brane filters and adjusted to pH 4 with sulfuric acid (2
N). Samples were then stored at 4°C until analysis. Oasis
HLB (500 mg, 6 mL, Waters, Milford, MA, USA) and
Oasis MCX (150 mg, 6 mL, Waters, Milford, MA, USA)
cartridges were employed for solid phase extraction
(SPE). All target compounds were extracted using SPE
(HLB cartridges for all antibiotics and NSAIDs, as well as
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Fig. 1. (a) Sampling locations; and (b) Wastewater treatment
of sampling.

the psychostimulant and lipid regulator; MCX cartridges
were used for the estrogens and beta-blocker). SPE car-
tridges were preconditioned with 6 mL each of methanol
and DI water. Four-hundred and 120 mL aliquots of the
water samples for the HLB and MCX cartridges respec-
tively were spiked with C -sulfamethazine (Cambridge
Isotope Laboratories) and D5-chloramphenicol (Fluka) as
surrogates and loaded into the cartridges. After sample
passage, cartridges were rinsed with 6 mL DI water to
remove excess EDTA-2Na. The analytes were eluted
with 4 mL of methanol and 4 mL of methanol-diethyl-
ether (50:50, v/v). The eluates were collected, evaporated
to dryness with a flow of nitrogen gas, reconstituted to
0.4 mL with 25% aqueous methanol, and finally filtered
through a 0.45-um PVDF membrane filter before liquid
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processes in the WRRC, the location of sampling sites, and date

chromatography/tandem mass spectrometry (HPLC-MS/
MS) analysis. All analyses were performed in triplicate.

2.3. LC-ESI-MS/MS analysis

Chromatographic separation was performed using
an Agilent 1200 HPLC (Agilent, Palo Alto, CA, USA)
equipped with a ZORBAX Eclipse XDB-C18 column
(150 x 4.6 mm, 5 um). Mobile phase A contained 0.1%
formic acid (v/v) in water. Mobile phase B contained
0.1% formic acid (v/v) in methanol. The gradient started
with 0% of mobile phase B for 0.5 min, increased to 40%
from 0.5-3 min, to 70% from 3.0-7.5 min, to 95% from
7.5-9.0 min, remained at 95% until 11 min, decreased to
0% from 11-12 min, and finished at 0%. All target com-
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Fig. 2. Occurrence of 28 target compounds in surface waters.

pounds were eluted out of the column within 15 min.
The sample injection volume was 50 pL. The autosampler
was operated at room temperature. Mass spectrometric
measurements were carried out on a Sciex AP14000 (Ap-
plied Biosystems, Foster City, CA, USA) equipped with an
electrospray ionization (ESI) interface in negative mode
for 4 compounds (gemfibrozil and all NSAIDs except for
acetaminophen) and positive mode for all others. Table
1 shows the LC-ESI-tandem MS conditions by MRM in
positive and negative ion mode. Data acquisition was
performed in multiple reaction monitoring (MRM) mode
with a dwell time of 10 ms for positive mode and 50 ms
for negative mode and unit mass resolution on both
mass analyzers. Two MRM pairs were used to identify
the target compounds (except for ibuprofen), and pair 2
was used for quantification (Table 2).

Concentration, ng/L

3. Results and discussion
3.1. Quantification and method validation

Table 2 shows 28 target compounds, their MRM pairs,
recoveries in DI and real water, linearity, and method
detection limits (MDLs). Quantification of PPCPs was per-
formed by means of HPLC-MS/MS with MRM, using the
two highest-intensity typical precursor-ion/product-ion
transition pairs. Recovery experiments were performed
with an aliquot of 50 ng/L target analytes spiked into both
DI and real water to determine recoveries of the spiked
target compounds by comparing recovery before and
after SPE extraction. The recoveries of target compounds
were in the acceptable ranges for DI water (62.9-133.7%)
and real water (61.0-117.3%). Recoveries for both DI and
real waters were similar, indicating an insignificant ma-
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trix effect on our analysis of target compounds in a real
water matrix. The linearity of the calibration curve was
examined by spiking analytes into real water and fitted
to a linear mode, least-squares linear regression analysis
(y=atbx) in the studied concentration range. The MDLs
were determined from the minimum detectable concen-
tration of analyses in the linear range with a signal-noise
ratio of at least 3 in a real water matrix. The MDLs for all
PPCPs were from 0.1 ng/L to 100 ng/L, and the correlation
coefficients (linearity) were all more than 0.9912, with a
linear range from 0.1 ng/L to 2500 ng/L.
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3.2. Occurrence and fate of PPCPs in a wastewater treatment
plant

Table 3 shows the occurrence and fate of 28 target
PPCPs in the WRRC. 20 target PPCPs were detected in
WWRC influents; sulfamethoxazole (1353 ng/L), caf-
feine (6823 ng/L), and acetaminophen (2716 ng/L) were
found at the highest concentrations, while tetracycline,
erythromycin-H,O, ampicillin, nalidixic acid, ofloxacin,
ibuprofen, naproxen, ketoprofen, and gemfibrozil were
present at concentrations of several hundred ng/L. In our
previous investigations of the occurrence of 97 PPCPs in

Table 3
Occurrence and fate of the 28 target PPCPs in the WRRC
Compounds S1 S2 S3

ng/L ng/L RE-1 ng/L RE-2 TRE
Sulfadiazine 159 =+ 12 108 + 1.0 32 ND >99 >99
Sulfamethoxazole 1353.3 + 579 3287 + 114 76 43 + 238 99 >99
Sulfamethazine 104 =+ 12 2.7 + 0.0 74 ND >99 >99
Sulfamonomethoxine ND ND — ND — —
Sulfadimethoxine 8.5 + 37 2.7 + 04 68 1.2+ 0.1 57 86
Tetracycline 2220 =+ 24 361 =+ 44 84 22 + 13 94 99
Oxytetracycline 619 = 1.0 172 + 04 72 162 =+ 05 6 74
Chlortetracycline ND ND — ND — —
Erythromycin-H20 591.7 =+ 474 853 =+ 240 86 ND >99 >99
Clarithromycin 854 + 21 340 =+ 28 60 ND >99 >99
Tylosin ND ND — ND — —
Penicillin G ND ND — ND — —
Ampicillin 270.7 + 225 1530 = 75 43 ND >99 >99
Nalidixic acid 1723 =+ 158 1480 =+ 11.0 14 194 =+ 48 87 89
Ciprofloxacin 21.1 + 1.1 124 =+ 19 41 ND >99 >99
Ofloxacin 156.0 =+ 75 242 + 74 85 ND >99 >99
Trimethoprim 96.1 + 1.6 221 + 03 77 ND >99 >99
Caffeine 68233 + 906.1 246 + 6.9 >99 1480 + 160 NA 98
Acetaminophen 2716.7 + 3462 ND >99 ND - >99
Ibuprofen 657.0 =+ 110.1 1155 =+ 30.7 82 50 + 0.6 96 99
Naproxen 1430 =+ 173 455 + 9.1 68 ND >99 >99
Ketoprofen 220.0 =+ 283 919 =+ 424 58 ND >99 >99
Gemfibrozil 2487 + 63.3 ND >99 ND — >99
17p3-Estradiol ND ND — ND — —
Estriol ND ND — ND — —
Estrone ND ND — ND — —
17a-Ethynylestradiol ND ND — ND — —
Propranolol 18.2 + 14 ND >99 ND — >99
pH 7.3 6.4 ® 6.6

Sampling date: 6/4-6/5 2009. Triplicate samples were obtained and measured.

ND: not detected; NA: not available; S1, S2 and S3: The concentration (ng/L) detected at sampling sites; RE-1 (%): removal
efficiency was calculated by the concentration difference between S1 and S2; RE-2 (%): removal efficiency was calculated
by the concentration difference between S2 and S3; TRE (%): total removal efficiency was calculated by the concentration

difference between S1 and S3
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residential, industrial, and agricultural waste streams
in Taiwan (Lin et al. [20]), sulfamethoxazole, caffeine,
acetaminophen and ibuprofen were the compounds
detected most often, present in more than 96% of the
samples and at high concentrations (ug/L levels). In
addition, we previously calculated total consumptions
for individual medications for the year 2004 using data
from the National Health Research Institute and found
that acetaminophen was the number one drug pre-
scribed in Taiwan (approximately 5.7x10° doses; 500 mg,
24 mg/mL) [21].

In addition, secondary and chlorination processes did
not show good removal efficiencies for PPCPs (12 PPCPs
had <80% removal efficiency). Tetracycline, erythromycin-
H,O, caffeine, acetaminophen, ibuprofen, gemfibrozil,
ofloxacin, and propranolol removals were greater than
82%, while sulfadiazine, nalidixic acid and ciprofloxa-
cin removals were lower than 40%. Many studies have
reported that NSAIDs, estrogens, and caffeine are easily
removed by biological treatment processes (secondary
process), but nevertheless some antibiotics (including the
sulfonamides, macrolides, and quinolones) cannot be ef-
fectively removed by biodegradation [6, 22-25]. In 52 (the
effluents via secondary and chlorination processes), the
residual concentrations of sulfamethoxazole, ampicillin,
nalidixic acid, and ibuprofen were higher than 100 ng/L
despite the high removal efficiency of ibuprofen (>80%).
Therefore, it has been suggested that residual PPCP
concentrations in effluents should be monitored because
even in low concentrations (erythromycin-H,0 ~40 ng/L;
ampicillin ~75 ng/L), some PPCPs may still affect the
natural environment [26,27].

However, most target compounds (with the excep-
tions of oxytetracycline and caffeine) were removed
effectively (with removal efficiency around 90%) in the
tertiary process (UF/RO), and the overall removal ef-
ficiency for most compounds by the WRRC was >99%.
The reason for the poor removal of oxytetracycline and
caffeine during the tertiary process is still unknown.
Due to technical difficulties, we were unable to obtain
composite samples at the wastewater treatment plant.
Therefore, even though each unit was grab-sampled ac-
cording to its hydraulic retention time, small errors may
still have occurred. Further investigation is required to
verify and explain this observation.

3.3. Occurrence of PPCPs in surface waters

Fig. 2 shows the occurrence of 28 target compounds in
four surface waters. 12, 10, 16, and 17 target compounds
were detected in surface waters A, B, C, and D, respec-
tively. Caffeine had the highest observed concentration
(1,813 ng/L), while others were found at levels <260 ng/L.
Sulfamethoxazole, sulfamethazine, sulfadimethoxine
and caffeine were detected most frequently (frequency
of detection >70%). Sulfamonomethoxine, tylosin, peni-

cillin G, 17 B-estradiol, estriol, 17 a-ethynylestradiol and
estrone were not detected in surface water samples. Some
of these PPCPs originated from discharges of conven-
tional wastewater treatment plants. As shown in Fig. 2,
concentrations of erythromycin-H,0O and ampicillin in
surface waters C and D were higher than known impact
levels (erythromycin-H,O ~40 ng/L; ampicillin ~75 ng/L).
Thus our results showed good overall performance of
RO, which may be used to process wastewaters to better
ensure the health of humans and wildlife.

Although most PPCPs were detected at low con-
centrations in the effluents of conventional wastewater
treatment plants, no PPCP-targeted regulations are yet in
place. Because of their potential risks to humans and wild-
life, it is important to make sure that reclaimed sewage
waters — i.e., effluents — are free of these pharmaceuti-
cals. In the present state, we suggest that reclaimed water
should be reserved for non-potable uses, i.e., agricultural
or landscape irrigation or industrial use.

4. Conclusion

This study investigated the occurrence and fate of 28
often-used PPCPs during the primary, secondary and
tertiary (UF/RO) treatment processes of the WRRC and
also surveyed four surface waters in northern, central and
southern Taiwan. Sulfamethoxazole (1353 ng/L), caffeine
(6823 ng/L) and acetaminophen (2716 ng/L) were found
at higher concentrations in WRRC influents. Secondary
and chlorination processes did not show good removal
efficiencies for PPCPs (12 PPCPs were removed with
<80% efficiency). However, most target compounds were
removed effectively (with removal efficiency ~90%) in
the tertiary process (UF/RO) except for oxytetracycline
and caffeine, and the overall removal efficiency by the
WRRC was >99%. In addition, our results indicate that
many PPCPs were frequently detected at significant lev-
els (ng/L-pg/L) in Taiwan’s surface waters, while 12, 10,
16, and 17 target compounds were detected in surveyed
surface waters A, B, C, and D, respectively. Caffeine had
the highest observed concentration (1,813 ng/L), while
others were found at levels <260 ng/L. Sulfamethoxazole,
sulfamethazine, sulfadimethoxine, and caffeine were de-
tected most frequently. Some of these PPCPs originated
from discharges of conventional wastewater treatment
plants. In conclusion, RO demonstrated good overall
performance and may be used to process wastewater to
better ensure the health of humans and wildlife.
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