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Rapid resolution liquid chromatography-tandem mass
spectrometry method for the determination of endocrine
disrupting chemicals (EDCs), pharmaceuticals and personal
care products (PPCPs) in wastewater irrigated soils

FENG CHEN, GUANG-GUO YING, JI-FENG YANG, JIAN-LIANG ZHAO and LI WANG

State Key Laboratory of Organic Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou,
China

A multiresidue analytical method was developed for the determination of 9 endocrine disrupting chemicals (EDCs) and 19 pharma-
ceuticals and personal care products (PPCPs) including acidic and neutral pharmaceuticals in water and soil samples using rapid
resolution liquid chromatography-tandem mass spectrometry (RRLC-MS/MS). Solid phase extraction (SPE), and ultrasonic extrac-
tion combined with silica gel purification were applied as pretreatment methods for water and soil samples, respectively. The extracts
of the EDCs and PPCPs in water and soil samples were then analyzed by RRLC-MS/MS in electrospray ionization (ESI) mode
in three independent runs. The chromatographic mobile phases consisted of Milli-Q water and acetonitrile for EDCs and neutral
pharmaceuticals, and Milli-Q water containing 0.01 % acetic acid (v/v) and acetonitrile: methanol (1:1, v/v) for acidic pharma-
ceuticals at a flow rate of 0.3 mL/min. Most of the target compounds exhibited signal suppression due to matrix effects. Measures
taken to reduce matrix effects included use of isotope-labeled internal standards, and application of matrix-match calibration curves
in the RRLC-MS/MS analyses. The limits of quantitation ranged between 0.15 and 14.08 ng/L for water samples and between
0.06 and 10.64 ng/g for solid samples. The recoveries for the target analytes ranged from 62 to 208 % in water samples and 43 to
177 % in solid samples, with majority of the target compounds having recoveries ranging between 70–120 %. Precision, expressed as
the relative standard deviation (RSD), was obtained less than 7.6 and 20.5 % for repeatability and reproducibility, respectively. The
established method was successfully applied to the water and soil samples from four irrigated plots in Guangzhou. Six compounds
namely bisphenol-A, 4-nonylphenol, triclosan, triclocarban, salicylic acid and clofibric acid were detected in the soils.
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Introduction

In the last decade, endocrine disrupting chemicals (EDCs)
and pharmaceuticals and personal care products (PPCPs)
have become emerging contaminants, which attracted an
increasing attention in the scientific community and general
public. Some EDCs have been reported to be ubiquitous in
the environment[1,2] and may cause detrimental effects on
organisms even at very low concentrations.[3] Chronic expo-
sure to EDCs may result in hormone-related diseases and
a decrease in sperm count and quality.[4,5,6] In addition,
exposure to EDCs increases the risk of breast cancer.[7]
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Pharmaceuticals and personal care products (PPCPs) are
chemicals used both for humans and animals for the dis-
ease treatment and prevention as well as daily personal care.
After consumption, these bioactive compounds and their
metabolites are discharged to aquatic environments via un-
treated and treated sewage from sewage treatment plants.
Previous studies have reported the presence of wastewa-
ter associated EDCs and PPCPs in the environment.[2,8−17]

These EDCs and PPCPs usually present as mixtures in the
environment may pose potential risks to ecosystem and hu-
man health, even at trace levels.[18] Therefore, multiresidue
analytical methods are required to detect these substances
in the environment.

Gas chromatography-mass spectrometry (GC-MS)[19−22]

and liquid chromatography-tandem mass spectrometry
(LC-MS/MS)[23−29] are the two most commonly used
techniques for determination of trace organic contami-
nants. Since most of the EDCs and PPCPs contain polar
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Method for detecting chemicals in soils 683

functional groups, they are often not amenable to GC-MS
without derivatization. Thus in recent years LC-MS/MS
with soft ionization has become a preferred choice for the
analysis of these compounds in water.[30−33] Environmen-
tal samples have complex matrices; matrix interferences
could lead to signal suppression or enhancement during
LC-MS/MS.[25,29,30,34−39] Despite this, LC-MS/MS can be
applied to determine trace levels of EDCs and PPCPs in the
environmental samples after proper extraction and purifi-
cation procedures. However, analytical methods available
in the literature were developed mainly for water samples.
There is a need to have robust analytical methods for EDCs
and PPCPs in soils and sediments.

Owing to the shortage of water resources in some parts
of the world, wastewater (or wastewater-contaminated irri-
gation water) has been used for irrigation of crops in many
countries.[40−42] Since these irrigation waters may contain a
variety of contaminants including EDCs and PPCPs, there
are potential ecological and human health risks associated
with the application of wastewater on land.[43,44] Wastewa-
ters and wastewater–contaminated surface waters have also
been used in some parts of China to irrigate crops. This
could lead to accumulation of contaminants in soils and
contamination of food.[45,46]

The objective of the present study is to develop sensi-
tive multiresidue methods for determination of selected
28 EDCs and PPCPs in irrigation waters and soils us-
ing rapid resolution liquid chromatography-tandem mass
spectrometry (RRLC-MS/MS). The compounds included
in the analysis were 2 natural estrogenic steroids estrone
(E1) and 17β-estradiol (E2), 2 synthetic steroids 17α-
ethynylestradiol (EE2) and diethylstilbestrol (DES), 3 in-
dustrial chemicals bisphenol A (BPA), 4-tert-octylphenol
(4-t-OP) and 4-nonylphenol (4-NP), 2 antiseptic and dis-
infectant triclosan (TCS) and triclocarban (TCC), and 19
pharmaceuticals belonging to anti-inflammatory and an-
tipyretic drugs, blood lipid regulator and anti-epileptic
drugs as well as herbicides. The developed analytical meth-
ods were also applied to screen potential EDCs and
PPCPs in irrigation waters and soils from Guangzhou,
China.

Materials and methods

Chemicals and materials

Standards 4-NP, 4-n-NP, E2, TCS, EE2, TCC, salicylic
acid, clofibric acid, bentazone, 2,4-D, MCPA, ibupro-
fen, fenoprofen, diclofenac, indometacin, mefenamic acid,
gemfibrozil, tolfenamic acid, ketoprofen, naproxen, cy-
clophosphamide and carbamazepine were purchased from
Dr. Ehrenstorfer GmbH (Germany). 4-t-OP, BPA and
BPA-d16 were provided by Supelco (USA). AE1, DES,
mecoprop and fenoprop were obtained from Riedel-de
Haën (RDH, Germany); The compound 13C12-TCS and
E1-d4 were available from Cambridge Isotope Laborato-
ries Incorporation (Massachusetts, USA). Meclofenamic
acid, primidone and dihydrocarbamazepine were pur-
chased from Sigma-Aldrich (USA), while E2-d4 was sup-
plied by CDN Isotopes. Chemical information of the tar-
get compounds is shown in Tables 1 and 2. All the organic
solvents used were of HPLC grade and purchased from
Merck Corporation (Shanghai, China). Ultrapure water
was produced by a Milli-Q system from Millipore (Watford,
UK). Oasis HLB extraction cartridges (6 mL, 500 mg) were
obtained from Waters Corporation (Milford, MA, USA).
Sodium sulfate was baked at 400◦C for 4 h and kept in a
desiccator. Silica gel (100-200 mesh) was sequentially rinsed
with methanol and dichloromethane for 24 h by a Soxhlet
extractor. After baked at 160◦C for 24 h, it was stored in a
desiccator for later use.

Stock solutions at a concentration of 100 mg/L of each
target compound and internal standard were prepared in
methanol and stored in amber glass bottles at -18◦C. Com-
posite working solutions were made by mixing the individ-
ual standard solutions and diluting it with methanol when
needed.

Sample collection and preparation

The clean water and soil samples used for recovery tests
and controls were collected from Liuxi River reservoir area,
which is located to the northeast of Guangzhou city, south-
ern China. Water and soil samples were collected from four

Table 1. Details of the endocrine disrupting chemicals including abbreviation (Abbr.), CAS number (CAS no.), molecular formula,
molecular weight (MW.), internal standard and use.

Compound Abbr. CAS no. Molecular formula MW. Internal standard Use

Bisphenol-A BPA 80-05-7 C15H16O2 228.29 Bisphenol-A d16 Industrial chemical
17-β-Estradiol E2 50-28-2 C18H24O2 272.38 Estradiol-d4 Natural estrogen
17α-ethinylestradiol EE2 57-63-6 C20H24O2 296.4 Estrone-d4 Synthetic estrogen
Estrone E1 53-16-7 C18H22O2 270.37 Estrone-d4 Natural estrogen
Diethylstilbestrol DES 56-53-1 C18H20O2 268.35 Estrone-d4 Synthetic estrogen
Triclocarban TCC 101-20-2 C13H9C13N2O 315.58 Triclocarban-d7 Antiseptic and disinfectant
Triclosan TCS 3380-34-5 C12H7C13O2 289.54 13C12-Triclosan Antiseptic and disinfectant
4-tert-Octylphenol 4-t-OP 140-66-9 C14H22O 206.32 4-n-Nonylphenol Industrial chemical
4-Nonylphenol 4- NP 84852-15-3 C15H24O 220.35 4-n-Nonylphenol Industrial chemical
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684 Chen et al.

Table 2. Details of the pharmaceuticals and personale care products including CAS number (CAS no.), molecular formula, molecular
weight (MW.), internal standard and use.

Compound CAS no. Molecular formula MW. Internal standard Use

Salicylic acid 69-72-7 C7H6O3 138.12 Mecoprop Anti-inflammatory
Clofibric acid 882-09-7 C10H11ClO3 214.65 Mecoprop Blood lipid regulator
2,4-D 94-75-7 C8H6Cl2O3 221.04 Mecoprop Herbicide
MCPA 94-74-6 C9H9ClO3 200.62 Mecoprop Herbicide
Ibuprofen 15687-27-1 C13H18O2 206.28 Mecoprop Anti-inflammatory and antipyretic
Bentazone 25057-89-0 C10H12N2O3S 240.28 Fenoprop Herbicide
Fenoprofen 31879-05-7 C15H14O3 242.27 Fenoprop Anti-inflammatory and antipyretic
Diclofenac 15307-86-5 C14H11Cl2NO2 296.15 Fenoprop Anti-inflammatory
Indometacin 53-86-1 C19H16ClNO4 357.79 Fenoprop Anti-inflammatory and antipyretic
Meclofenamic Acid 644-62-2 C14H11Cl2NO2 296.15 Fenoprop Anti-inflammatory and antipyretic
Mefenamic Acid 61-68-7 C15H15NO2 241.29 Fenoprop Anti-inflammatory and antipyretic
Gemfibrozil 25812-30-0 C15H22O3 250.33 Fenoprop Antihyperlipoproteinemic
Tolfenamic acid 13710-19-5 C14H12ClNO2 261.7 Fenoprop Anti-inflammatory and antipyretic
Ketoprofen 22071-15-4 C16H14O3 254.28 Fenoprop Anti-inflammatory and antipyretic
Naproxen 22204-53-1 C14H14O3 230.26 Fenoprop Anti-inflammatory and antipyretic
Paracetamol 103-90-2 C8H9NO2 151.16 Dihydrocarbamazepine antipyretic
Primidone 125-33-7 C12H14N2O2 218.25 Dihydrocarbamazepine Anti-epileptic
Cyclophosphamide 50-18-0 C7H15Cl2N2O2P 261.08 Dihydrocarbamazepine Immunosuppressant and antitumor
Carbamazepine 298-46-4 C15H12N2O 236.27 Dihydrocarbamazepine Anti-epileptic

irrigation plots of Guangzhou (September 2008), and used
for validation of the developed method. Detailed informa-
tion of the sampling sites is given in Table 3. Except for
site A irrigated with a lake water, the other three sites (B, C
and D) have been irrigated with the river water. The rivers
have been heavily contaminated with untreated wastewa-
ter from nearby towns. Soil samples from the irrigation
plots were collected at the depths of 0–10 cm, 10–20 cm
and 20–30 cm from five points in each selected plot (200
m × 200 m). Irrigation water samples were collected in 1
L pre-cleaned brown glass bottles, while soil samples were
collected in 1 L glass jars. The water samples were imme-
diately added with 50 mL of methanol and adjusted to pH
3.0 using 4 M H2SO4. All the samples were kept cool dur-
ing the transport to the laboratory. Once in the laboratory,
water samples were filtered though 0.7 µm glass fiber filters
(Whatman GF/F, UK) to remove suspended particulate
matter and extracted within a week, while solid samples
were freeze-dried and passed through a 60 mesh standard
sieve. The processed liquid and solid samples were stored
at 4◦C until analysis.

Extraction

Extraction of irrigation water samples

The collected water samples were extracted with solid phase
extraction (SPE) in accordance with the previously re-
ported method.[15,16,22] After the water samples were spiked
with the internal standards (100 ng/L each), they were
loaded onto Oasis HLB SPE cartridges, which were pre-
conditioned with 10 mL of methanol and 10 mL of Milli-Q
water. After the water samples were passed through the
cartridges at a flow rate of approximately 10 mL/min, SPE
cartridges were rinsed twice with 50 mL of Milli-Q water
containing 5 % methanol (v/v). The cartridges were dried
under vacuum for 2 h and then eluted with 4×3 mL of
methanol followed by 3×2 mL of dichloromethane. The
extracts were concentrated under a gentle stream of nitro-
gen gas, and then redissolved in 1 mL of methanol. Before
being transferred to a 2 mL amber glass vial, the extracts
were filtered through nylon membrane filters (13 mm ×
0.22 µm, Anpu, Shanghai). The final extracts were stored
at −18◦C prior to analysis.

Table 3. Detailed information of the sampling sites in Guangzhou.

Water sample Soil sample Plot type Location Coordinates

WA SA Irrigation with lake water Tianhe 23◦10’N 113◦23’E
WB SB Irrigation with river water (sewage effluent contaminated) Haizhu 23◦04’N 113◦19’E
WC SC Irrigation with river water (sewage effluent contaminated) Fangcun 23◦03’N 113◦15’E
WD SD Irrigation with river water (sewage effluent contaminated) Huangpu 23◦06’N 113◦27’E
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Method for detecting chemicals in soils 685

Table 4. Retention time (Rt), precursor and product ions (bold numbers are quantification ions), and optimized electrospray ionization
tandem mass Spectrometry (ESI-MS/MS) Parameters for the endocrine disrupting chemicals, acidic pharmaceuticals and neutral
pharmaceuticals.

Compounds Rt(min) Precursor ion (m/z) Products ions (m/z) Fragmentor voltage (V) Collision energy (V)

Endocrine disrupting chemicals*
BPA 5.25 227.1 212.1 133.1 127 13/21
E2 5.98 271 183 145 204 33/30
EE2 7.03 295 159 145 170 34/38
E1 7.74 269 145.1 143.1 148 33/57
DES 8.45 267 251.1 237.1 163 17/21
TCC 14.93 313 160.1 126.1 86 5/13
TCS 15.21 287 35.1 65 1
4-t-OP 16.11 205.3 133.2 117 111 21/45
4-NP 18.85 219.3 133.2 101 25
BPA-d16 5.10 241 223.2 142 13
E2-d4 5.92 275 187 219 25
E1-d4 7.68 273 147.2 168 37
TCC-d7 14.80 320 163.1 107 5
13C12-TCS 15.21 299 35.1 65 1
4-n-NP 20.81 219.2 106 96 10

Acidic pharmaceuticals
Salicylic acid 2.45 137 93.1 65.2 87 9/29
Bentazone 3.32 239 197.1 132.1 124 13/21
2, 4-D 7.21 219 161.1 125.1 77 5/21
MCPA 8.33 199 141.1 105.2 87 5/25

Compounds Rt(min) Precursor ion (m/z) Products ions (m/z) Fragmentor (V) Collision energy (V)
Clofibric acid 11.61 213 127.1 85.1 72 5/1
Ketoprofen 14.71 253 209.2 77 1
Naproxen 15.37 229 185.2 169.1 72 1/25
Fenoprofen 20.51 241 197.2 93.1 87 1/33
Diclofenac 21.91 294 250 214.1 82 1/9
Indometacin 22.32 356 312.1 97 1
Ibuprofen 22.53 205 161.2 70 1
Meclofenamic Acid 23.87 294 258.1 214.1 235 1/9
Mefenamic Acid 23.89 240 196.2 192.2 240 9/21
Gemfibrozil 24.49 249 127.2 121.2 87 1/5
Tolfenamic acid 24.68 260 216.1 35.2 112 5/17
Mecoprop 12.56 213 141.1 82 5
Fenoprop 15.56 267 195 82 1

Neutral pharmaceuticals
Paracetamol 2.08 152 110.1 65.1 98 13/29
Primidone 3.87 219 162 91.1 98 5/25
Cyclophosphamide 5.92 261 140 63.1 136 21/41
Carbamazepine 8.02 237 194.1 193.4 136 17/33
10,11-dihydroCarbamazepine 8.31 239 194.1 180.1 174 21/45

*BPA: bisphenol-A; E2: estradiol; EE2; ethynylestradiol; E1: estrone; DES: Diethylstilbestrol; TCC: triclocarban; TCS: triclosan; 4-t-OP: 4-tert-
octylphenol; 4-NP: 4-nonylphenols.

Extraction of soil samples
Freeze-dried solid samples (5 g each) were spiked with 100
ng of each standard, carefully mixed, and left in a fume cup-
board to remove organic solvent. Then the samples were
placed in a −4◦C cold room overnight and extracted in
the following day. Each sample was mixed with 10 mL of
ethyl acetate: formic acid (50:1, v/v), sonicated for 15 min
at room temperature, and then centrifuged at 1370g for

10 min. The above procedure was repeated twice, and the
extracts were combined and dried under a gentle nitrogen
stream. Purification of each extract was carried out by us-
ing a silica gel column (18 cm × 1 cm i.d.), which consisted
of anhydrous sodium sulfate (about 0.5 cm, on top) and
silica gel (1 g). Before loading the sample, the sorbent was
conditioned with methanol (4 mL), ethyl acetate (4 mL)
and n-hexane (6 mL) in series. The silica gel column was
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686 Chen et al.

eluted using 6 mL of n-hexane, and then 6 mL of ethyl
acetate followed by 6 mL of methanol. The first 6 mL of
eluate was discarded, and the following two elutes were
collected in 10 mL of glass tubes. The fractions containing
the target compounds were combined and concentrated
under a gentle nitrogen stream and then redissolved in
1 mL of methanol. The final extracts were stored at −18◦C
after they were filtered through nylon membrane filters (13
mm × 0.22 µm, Anpu, Shanghai).

LC-MS/MS analysis

The target compounds were separated into three groups
(EDCs, acidic and neutral pharmaceuticals) and analyzed
by using Agilent 1200 rapid resolution liquid chromato-
graph coupled to Agilent G6460A triple quadrupole mass
spectrometer. The chromatographic separation of each
group was performed on an Agilent SB-C18 column (3.0 ×
100 mm, 1.8 µm) with a RRLC in-line filter kit (4.6 mm, 0.2
µm filter) (Germany). The column temperature was main-
tained at 40◦C. The chromatographic mobile phases were
run at a flow rate of 0.3 mL/min. The mobile phase for
analysis of the EDCs consisted of (A) Milli-Q water and
(B) acetonitrile, with the gradient programmed as follows:
0 min, 40 % B; 15 min, 70 % B; and 20 min, 95 % B. The
initial mobile phase was equilibrated for 8 min after each
run. The mobile phase for analysis of acidic pharmaceuti-
cals consisted of (A) Milli-Q water containing 0.01 % acetic
acid (v/v) and (B) acetonitrile: methanol (1:1, v/v), with
the gradient programmed as follows: 0 min, 40 % B; 15

min, 50 % B; and 20 min, 75 % B. The mobile phase for
neutral pharmaceuticals consisted of (A) Milli-Q water and
(B) acetonitrile, with the gradient programmed as follows:
0 min, 20 % B; 10 min, 60 % B; and 13 min, 90 % B.

The mass spectrometer was operated in electrospray ion-
ization mode (ESI) with optimized parameters as follows:
drying gas temperature 350◦C and flow rate 8 mL/min,
capillary voltage 3500 V, nebulizing gas pressure 50 psi,
sheath gas temperature 350◦C and flow rate 12 mL/min.
The injection volume was 10 µL.

Results and discussion

RRLC-MS/MS analysis

According to their chemical structures, the target com-
pounds were separated into three groups for RRLC-
MS/MS analysis. The EDCs and acidic pharmaceuticals
were analyzed by RRLC-MS/MS under ESI (−) mode,
while the neutral pharmaceuticals were analyzed under
ESI (+) mode. The MS/MS operating parameters for ion-
ization and fragmentation were optimized by the Agilent
software Optimizer in combination with manual infusion
(Table 4). Similar fragmentation patterns for some of the
target compounds under ESI (+) or ESI (−) have also been
reported in previous studies.[47−50]

In order to have a better separation and sensitivity for
the target compounds, different mobile phases (various
organic solvents and buffers) were tested. For the EDCs
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Fig. 1. Total ion chromatograms (TIC) of the target analytes by rapid resolution liquid chromatography-electrospray
ionization(RRLC-ESI-MS/MS) at the concentration each of 100 ng/L. The retention time of each compound can be found in
Figures 1–4. EDCs: endocrine disrupting chemicals.
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Fig. 2. Extracted ion chromatograms (XIC) of the quantitative ions for endocrine disrupting chemicals (EDCs) in neat solvent at the
concentration each of 100 ng/L. BPA: bisphenol-A, E2: estradiol, EE2; ethynylestradiol, E1: estrone, DES: Diethylstilbestrol, TCC:
triclocarban, TCS: triclosan, 4-t-OP: 4-tert-octylphenol, 4-NP: 4-nonylphenols.

and neutral pharmaceuticals, a mobile phase consisting of
acetonitrile and Milli-Q water without any additive was
found to produce the best peak shape and intensity. This
is consistent with a previous analytical report on phenolic
EDCs.[51] However, for the acidic pharmaceuticals, the best
choice was the mobile phase containing 0.01 % acetic acid
(v/v) in Milli-Q water. Better peak shape could be achieved
for the target compounds with increasing concentration of
acetic acid in the mobile phase, but higher concentration
of acetic acid reduced the signal responses. On the con-

trary, addition of ammonium acetate could produce higher
responses but poor peak shapes. As for the use of solvent
mixture of acetonitrile: methanol (1:1, v/v) in the analysis
of acidic pharmaceuticals, it did not influence the sepa-
ration and intensity, but decreased the cost of analysis as
methanol is much cheaper. With the high resolution ca-
pability of the RRLC and the gradient programs applied
for the three groups of target compounds, good separation
was achieved for all target compounds by RRLC-MS/MS
(Figs. 1–4).
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Fig. 3. Extracted ion chromatograms (XIC) of the quantitative ions for acidic pharmaceuticals in neat solvent at the concentration
each of 100 ng/L.

Matrix effects

Matrix effects were observed in the RRLC-MS/MS of the
target compounds. In fact, matrix effect is a widely per-
ceived problem for mass spectrometry with electrospray
ionization mode.[29,30,35,38] Since matrix effect-can lead to
signal suppression or enhancement and is difficult to elim-
inat through cleanup procedures,[47] we took two measures

to lessen the matrix effect: addition of appropriate internal
standards into samples and application of matrix-matched
calibration curves. These two strategies have been previ-
ously applied in LC-MS/MS analysis.[27,35,49,52] Matrix-
matched calibration curves were prepared at concentra-
tions of 1, 5, 10, 50, 100 and 200 ng/L for each target
compound. The matrix effects, expressed as the ratio of the
analyte signal in matrix to the analyte signal in solvent,[53]
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Fig. 4. Extracted ion chromatograms (XIC) of the quantitative ions for neutral pharmaceuticals in neat solvent at the concentration
each of 100 ng/L.

were tested at the concentration of 100 ng/L for each com-
poundbreak (Table 5). The values of less or greater than
100 % indicate signal suppression or enhancement, respec-
tively. Table 5 showed that most of the target compounds
exhibited signal suppression, which is consistent with the
previous studies.[35,50]

Method validation

The recovery test with four replicates (n = 4) was performed
for each target compound by spiking at a concentration of
100 ng/L into water. Most of the target compounds had
recoveries falling between 70 % and 120 %, except for EE2
(65 %), TCC (128 %), 4-NP (135 %), 4-t-OP (62 %), sali-
cylic acid (64 %) and indometacin (68 %) (Table 5). Due to
strong matrix effects, paracetamol had a very high recovery
(208 %). Use of an isotope labeled compound may be nec-
essary to reduce the matrix effect. For solid samples, most
of the target compounds had desirable recoveries (70–120
%) except for cyclophosphamide, ibuprofen and tolfenamic
acid (Table 5).

The LOD and LOQ were calculated according to previ-
ously reported methods.[49,54,55] The LOD and LOQ were
calculated as the concentration with a signal-to-noise-ratio
of 3 and 10, respectively, when water/solid samples spiked
at low concentrations were analysed. For water samples,
the spiked concentrations were 10 ng/L for E2, EE2, DES,
4-t-OP, meclofenamic acid and mefenamic acid and 1 ng/L
for the rest of the compounds. For sediment samples, the
spiked concentrations were 50 ng/g for E2, EE2, DES and
4-t-OP, and 10 ng/g for the rest of the target compounds.
From Table 5, the LOD ranged from 0.05 to 4.23 ng/L in
water, and 0.02 to 3.19 ng/g in sediments. Most of them
were lower than 1 ng/L or 1 ng/g.

Regarding intra-day and inter-day precision, the repeata-
bility and reproducibility, expressed as the relative standard

deviation (RSD) of measured concentrations, were calcu-
lated based on the analysis of a standard mixture at a con-
centration of 100 µg/L for three times within one day and
within three consecutive days, respectively. Repeatability
for the target compounds varied from 0.2 to 7.6 %, while
reproducibility ranged from 0.7 to 20.5 % (Table 5).

Method application
The analytical methods developed for the EDCs and PPCPs
were applied to the determination of these compounds
in irrigation waters and soil samples from four plots in
Guangzhou. In these irrigation water samples, 7 out of 28
target compounds determined were found (Table 6). The
four EDCs 4-t-OP, 4-NP, BPA and TCS were detected
in all irrigation water samples from the four plots, while
only three acidic pharmaceuticals (salicylic acid, ibuprofen
and ketoprofen) were detected in the irrigation waters from
one or two sites (WB and WD). Among all detected com-
pounds in the irrigation water samples, 4-NP was found at
the highest concentrations. The rest of target compounds
not mentioned here were all below the limit of detection in
the water samples collected in September 2008; however,
that does not mean these compounds were not present in
irrigation waters in other seasons during the year. The river
waters used for irrigation have been heavily contaminated
by sewage effluents. The target compounds determined in
the present study have been reported in rivers with discharge
of sewage effluents.[15,22]

In the soil samples collected from the four plots, six target
compounds namely BPA, TCC, TCS, 4-NP, salicylic acid
and clofibric acid were detected (Table 7). Among them,
BPA, TCS, 4-NP and salicylic acid were also found in the
irrigation water samples collected in September 2008, while
TCC and clofibric acid were not detected in the water sam-
ples. However, TCC and clofibric acid have been widely
reported in sewage effluents[56,57] and they have been found
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690 Chen et al.

Table 5. Linearity (correlation coefficient), repeatability and reproducibility (relative standard deviation [RSD] % for n = 3), recoveries
( %) and method precision (RSD % for n = 4), matrix effect (%), limit of detection (LOD) and quantitation (LOQ) for each investigated
compound.

Water Soil

Linearity Repeat- Reprod- Recovery % Matrix LOD LOQ Recovey % Matrix LOD LOQ
Compounds (r2)a ability ucibility ± RSD effect (ng/L) (ng/L) ± RSD effect (ng/g) (ng/g)

Endocrine disrupting chemicals c

BPA 0.9999 2.6 18.2 78 ± 4 79 0.11 0.37 111 ± 2 113 1.02 3.40
E2 0.9996 1.6 7.8 104 ± 5 100 1.18 3.92 106 ± 2 101 0.49 1.63
EE2 0.9966 4.2 3.7 65 ± 14 b 59 0.60 2.01 115 ± 7 107 0.83 2.77
E1 0.9994 4.1 1.8 98 ± 2 92 0.42 1.41 97 ± 5 90 0.60 1.99
DES 0.9979 3.1 6.3 119 ± 16 105 0.53 1.75 56 ± 20 53 1.62 5.41
TCC 0.9953 2.1 7.1 128 ± 3 121 0.24 0.79 108 ± 1 101 0.12 0.39
TCS 0.9988 0.9 8.9 97 ± 1 101 0.21 0.70 95 ± 3 99 0.47 1.58
4-t-OP 0.9972 7.1 13.0 62 ± 14 58 0.40 1.33 94 ± 15 94 1.29 4.29
4-NP 0.9940 0.5 6.6 135 ± 2 123 0.09 0.31 124 ± 3 114 0.49 1.63

Acidic pharmaceuticals
Salicylic acid 0.9989 4.3 8.4 64 ± 7 62 0.34 1.15 108 ± 8 103 0.33 1.11
Bentazone 0.9964 3.9 2.1 86 ± 4 82 0.13 0.43 95 ± 4 92 0.06 0.20
2, 4-D 0.9993 2.0 1.1 90 ± 3 77 0.24 0.79 85 ± 4 72 0.53 1.78
MCPA 0.9986 2.4 0.7 90 ± 2 73 0.37 1.23 97 ± 3 78 0.19 0.63
Clofibric acid 0.9976 0.2 1.5 97 ± 6 82 0.22 0.74 96 ± 1 81 0.15 0.49
Ketoprofen 0.9996 2.9 4.9 103 ± 6 91 1.25 4.17 123 ± 1 107 3.19 10.64
Naproxen 0.9981 2.5 6.9 77 ± 3 71 0.06 0.20 98 ± 2 91 1.06 3.55
Fenoprofen 0.9992 2.6 3.4 99 ± 7 96 0.20 0.66 127 ± 4 121 2.34 7.81
Diclofenac 0.9982 1.7 4.6 93 ± 6 78 0.43 1.43 129 ± 6 110 0.35 1.16
Indometacin 0.9998 3.9 14.5 68 ± 7 65 0.65 2.17 91 ± 7 88 1.88 6.25
Ibuprofen 0.9995 3.7 9.2 82 ± 11 65 1.25 4.17 160 ± 10 130 1.51 5.03
Meclofenamic Acid 0.9948 6.2 11.6 108 ± 3 98 4.23 14.08 113 ± 14 102 1.36 4.52
Mefenamic Acid 0.9980 3.8 9.3 102 ± 10 85 2.70 9.01 111 ± 5 91 0.63 2.11
Gemfibrozil 0.9984 1.4 10.0 89 ± 7 89 0.16 0.53 77 ± 11 77 0.08 0.26
Tolfenamic acid 0.9963 4.0 2.7 109 ± 4 88 0.14 0.46 177 ± 14 142 0.26 0.87

Neutral pharmaceuticals
Paracetamol 0.9899 1.6 9.3 208 ± 10 182 0.15 0.49 72 ± 6 63 2.94 9.80
Primidone 0.9992 6.7 3.8 70 ± 14 70 0.18 0.59 69 ± 4 69 0.33 1.11
Cyclophosphamide 0.9908 7.6 20.5 103 ± 18 86 0.06 0.21 43 ± 4 35 0.03 0.09
Carbamazepine 0.9999 0.9 1.2 103 ± 1 91 0.05 0.15 123 ± 21 108 0.02 0.06

aMatrix-matched calibration curve at the concentrations of 1 to 200 ng/L for each standard;
bBold letters represent those recoveries outside the range of 70–120 %.
cBPA: bisphenol-A; E2: estradiol; EE2: ethynylestradiol; E1: estrone; DES: Diethylstilbestrol; TCC: triclocarban; TCS: triclosan; 4-t-OP: 4-tert-
octylphenol; 4-NP: 4-nonylphenols.

to be persistent in soil and water;[58−60] therefore, it is not
a surprise to find their presence in the irrigated soils. As
found in the irrigation water samples, 4-NP was found to
have the highest concentrations in the soils from the four

irrigated plots. The compound 4-NP has been reported in
various environmental media;[61] thus the 4-NP detected in
the irrigated soils might also originate from other sources
in addition to effluent-contaminated waters.

Table 6. Concentrations (ng/L) of the analytes detected in irrigation waters during September 2008 (mean ± RSD, n = 2).

Site 4-t-OP 4-NP BPA TCS Salicylic acid Ibuprofen Ketoprofen

WA 4.4 ± 1.7 206 ± 69.7 22.4 ± 0.38 2.4 ± 0.08 ND ND ND
WB 3.1 ± 0.24 162 ± 9.9 24.3 ± 1.1 2.2 ± 0.14 2.8 ± 0.24 11.5 ± 0.09 71.2 ± 0.14
WC 3.9 ± 0.33 196 ± 11.6 58.7 ± 6.5 2.9 ± 0.37 ND ND ND
WD 7.8 ± 2.2 323 ± 27.2 72.9 ± 5.4 2.1 ± 0.18 101 ± 17.0 ND 103 ± 2.9

ND: not detected. 4-t-OP: 4-tert-octylphenol; 4-NP: 4-nonylphenols; BPA: bisphenol-A; TCS: triclosan.
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Table 7. Concentrations (ng/g) of the analytes detected in irrigated soil from three different depths during September 2008 (mean ±
RSD, n =5 ).

Site Depth (cm) BPA TCC TCS 4-NP Salicylic acid Clofibric acid

SA 0–10 3.4 ± 3.6a <LOQ <LOQ 11.2 ± 5.5a 10.7 ± 3.3b <LOQ
10–20 <LOQ <LOQ <LOQ 11.9 ± 3.0a 10.8 ± 3.6c <LOQ
20–30 <LOQ <LOQ <LOQ 19.9 ± 7.2a 8.9 ± 8.2ab <LOQ

SB 0–10 <LOQ 26.1 ± 53.2a <LOQ 27.6 ± 23.8ab 8.2 ± 3.0b <LOQ
10–20 <LOQ 26.4 ± 55.6a <LOQ 47.4 ± 51.4a 8.7 ± 2.2bc <LOQ
20–30 <LOQ 6.2 ± 12.2a <LOQ 13.0 ± 6.8a 6.5 ± 0.8ab <LOQ

SC 0–10 5.3 ± 0.9a 5.2 ± 5.3a <LOQ 24.5 ± 12.2ab 9.5 ± 4.3b <LOQ
10–20 3.6 ± 2.2a 4.0 ± 4.1a 3.2 ± 7.1 165 ± 242a 5.9 ± 4.5ab <LOQ
20–30 <LOQ 3.8 ± 5.0a <LOQ 15.9 ± 13.2a 12.5 ± 3.8b 0.49 ± 0.3

SD 0–10 <LOQ 0.70 ± 1.6a <LOQ 37.3 ± 10.1b 2.5 ± 1.0a <LOQ
10–20 <LOQ 1.3 ± 1.6a <LOQ 93.0 ± 88.9a 3.6 ± 1.2a 0.49 ± 0.3
20–30 <LOQ 0.82 ± 1.8a <LOQ 47.4 ± 21.2b 3.3 ± 1.4a <LOQ

*data were statistically analyzed using SPSS software at a significant level of P < 0.05.
<LOQ: below limit of quantitation.
BPA: bisphenol-A; TCC: triclocarban TCS: triclosan; 4-NP: 4-nonylphenol.

Conclusion

Robust and sensitive multiresidue analytical methods were
developed and validated for 9 EDCs and 19 PPCPs in
environment samples (soil and water) using RRLC-ESI-
MS/MS. The target compounds were separated into three
groups, which were run under different instrumental con-
ditions. The phenolic EDCs and acidic pharmaceuticals
were analyzed under the negative ionization mode, while
the neutral pharmaceuticals were analyzed under the pos-
itive ionization mode. Matrix effects were observed in the
RRLC-MS/MS analysis, but reduced by the use of internal
standard addition and matrix-matched calibration. The de-
veloped methods were successfully applied to analyze the
target compounds in irrigation waters and irrigated soils.
Some compounds among the 28 target compounds were
detected in these samples, and 4-NP was found to have the
highest concentrations both in waters and soils.
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Corvini, P.F.X. Identification of isomeric 4-nonylphenol structures
by gas chromatography-tandem mass spectrometry combined with
cluster analysis. J. Chromatogr. A 2006, 1102 (1–2), 245–255.

[22] Zhao, J.L.; Ying, G.G.; Wang, L.; Yang, J.F.; Yang, X.B.; Yang,
L.H.; Li, X. Determination of phenolic endocrine disrupting chem-
icals and acidic pharmaceuticals in surface water of the Pearl
Rivers in South China by gas chromatography–negative chemical
ionization–mass spectrometry. Sci. Total Environ. 2009, 407 (2),
962–974.

[23] Beck, I.C.; Bruhn, R.; Gandrass, J.; Ruck, W. Liquid
chromatography-tandem mass spectrometry analysis of estrogenic
compounds in coastal surface water of the Baltic Sea. J. Chromatogr.
A 2005, 1090 (1–2), 98–106.

[24] Chang, H.; Wan, Y.; Naile, J.; Zhang, X.; Wiseman, S.; Hecker,
M.; Lam, M.H.W.; Giesy, J.P.; Jones, P.D. Simultaneous quantifi-
cation of multiple classes of phenolic compounds in blood plasma
by liquid chromatography-electrospray tandem mass spectrometry.
J. Chromatogr. A 2010, 1217 (4), 506–513.

[25] Gabet-Giraud, V.; Miege, C.; Herbreteau, B.; Hernandez-Raquet,
G.; Coquery, M. Development and validation of an analytical
method by LC-MS/MS for the quantification of estrogens in sewage
sludge. Anal. Bioanal. Chem. 2010, 396 (5), 1841–1851.

[26] Hosogi, J.; Tanaka, H.; Fujita, K.; Kuwabara, T.; Ikegawa, S.;
Kobayashi, N.; Mano, N.; Goto, J. LC-MS/MS coupled with im-
munoaffinity extraction for determination of estrone, 17β-estradiol
and estrone 3-sulfate in human plasma. J. Chromatogr. B 2010, 878
(2), 222–227.

[27] Pedrouzo, M.; Borrull, F.; Pocurull, E.; Marcé, R.M. Estrogens and
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