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Abstract A simple online headspace solid-phase
microextraction (HS-SPME) coupled with the gas
chromatography-mass spectrometry (GC-MS) method was
developed for simultaneous determination of trace amounts
of nine estrogenic odorant alkylphenols and chlorophenols
and their derivatives in water samples. The extraction condi-
tions of HS-SPME were optimized including fiber selection,
extraction temperature, extraction time, and salt concentration.
Results showed that divinylbenzene/Carboxen/polydimethyl-
siloxane (DVB/CAR/PDMS) fiber was the most appropriate
one among the three selected commercial fibers, and the opti-
mal extraction temperature, time, and salt concentration were
70 °C, 30 min, and 0.25 g/mL, respectively. The developed
method was validated and showed good linearity (R* > 0.989),
low limit of detection (LOD, 0.002—0.5 pg/L), and excellent
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recoveries (76—-126 %) with low relative standard deviation
(RSD, 0.7-12.9 %). The developed method was finally ap-
plied to two surface water samples and some of these target
compounds were detected. All these detected compounds
were below their odor thresholds, except for 2,4,6-TCAS
and 2,4,6-TBAS wherein their concentrations were near their
odor thresholds. However, in the two surface water samples,
these detected compounds contributed to a certain amount of
estrogenicity, which seemed to suggest that more attention
should be paid to the issue of estrogenicity rather than to the
odor problem.

Keywords GC-MS - Online HS-SPME - Odorant -
Estrogenic - Alkylphenol - Chlorophenol - Surface water

Introduction

Because of their potential adverse effect on humans and wild-
life, endocrine-disrupting compounds (EDCs) have drawn
much attention in the last decades. The term EDCs covers a
broad class of compounds, including natural/synthetic estro-
gens, natural/synthetic androgens, phytoestrogens,
mycoestrogens, progestins, and industrial chemicals (Liu et
al. 2011, 2015a, b, c). Estrogens are compounds with the
strongest estrogenic potencies, while their concentrations in
our environment are normally low. On the contrary, most es-
trogenic industrial chemicals are very weak EDCs, but their
concentrations in the environment are normally high.
Therefore, the potential adverse effects of these estrogenic
industrial chemicals on our environment cannot be neglected.

With increasing attentions on EDCs and related progress in
their potential health effects, some of them have been listed as
the new items in the latest drinking water regulations in China
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and Japan. For example, bisphenol A, diethyl phthalate, and
dibutyl phthalate are three EDCs that have been listed in the
latest Chinese drinking water quality standard (Standardzation
Administration of China (SAC) 2006), while 173-estradiol
(E2) and other four EDCs have been listed as the potential
new items in the latest Japanese drinking water quality stan-
dard (Ministry of Health, Labour and Welfare of Japan
(MHLWJ) 2015). 4-n-butylphenol (4-n-BP), 2-tert-
butylphenol (2-t-BP), 4-tert-butylphenol (4-t-BP), and 2, 4-
di-tert-butylphenol (2, 4-d-t-BP) have been reported to be es-
trogenic industrial chemicals (Blair et al. 2000; Liu et al.
2009a; Nishihara et al. 2000), which are four important
alkylphenols that have been widely used for production of
phenolic, polycarbonate, and epoxy resins (Kuruto-Niwa et
al. 2005; Toyama et al. 2010). They have been in use for at
least 50 years and reported to be widely distributed in different
aquatic environments, including river waters (Cui et al. 2015;
Kuruto-Niwa et al. 2005), river/marine sediments (Chen et al.
2005; Duan et al. 2014), and wastewaters (Berge et al. 2014;
Padilla-Sanchez et al. 2011). They also have been found in
different foods including dairy milk (Kilic and Lindsay 2005).
Recently, they received new attention as important odorant
compounds in drinking water, and one of their important
sources is leaching from drinking water pipes in the distribu-
tion systems (Ryssel et al. 2015; Skjevrak et al. 2003). The
reported concentrations of 2,4-d-t-BP in drinking water
leached from drinking water pipes were up to 368 pg/L
(Loschner et al. 2011), and the level was already over its odor
threshold of 200 pg/L (Tao and Zhang 2010). When their
concentrations in drinking water overpass the odor threshold,
they can cause odor problems in drinking water. For example,
2-t-BP was reported to be the odor-causing compound in a
famous drinking water odor incident that occurred at the end
0f2013 in Hangzhou, China, in which the odor problem lasted
for several months and over 1.2 million inhabitants were af-
fected (Liu et al. 2016). As their concentrations in water are
generally low, it is quite important to develop a fast and effi-
cient analytical method.

Different analytical methods including HPLC, gas
chromatography (GC), LC-MS, gas chromatography-
mass spectrometry (GC-MS), and LC-MS/MS have been
reported to be effective for the analysis of alkylphenols in
different samples (Crescenzi et al. 1995; Laborie et al.
2016; Lopez-Darias et al. 2010; Tan and Mohd 2003;
Wang and Deng 2016). Among them, GC-MS is the most
widely applied (Grzeskowiak et al. 2016). To concentrate
the analytes, different sample preparation methods includ-
ing solid phase extraction, liquid-liquid extraction, water-
based gas purge microsyringe extraction, liquid-liquid
microextraction, and solid-phase microextraction (SPME)
have been adopted (Carabias-Martinez et al. 2006;
Llompart et al. 2002; Padilla-Sanchez et al. 2011; Yang
et al. 2013; Zhu et al. in press). Among these sample

preparation methods, SPME is the most widely applied
method, which uses non-organic solvents, takes less vol-
ume of the sample, and is robust and sensitive (Plotka-
Wasylka et al. 2015). To improve its accuracy and sensi-
tivity, the phenolic analytes are often derivatized before
the analysis (Liu et al. 2010a, b). However, in Li et al.
(2001), it seems that the improvement is not evident for
alkylphenols. Moreover, the addition of the derivatization
step is inconvenient and takes extra time and thus is un-
favorable for the analysis of alkylphenols. To overcome
this inconvenient step, a post-derivatization process after
the injection of the analytes to GC was reported by
Basheer and Lee (2004). However, the residual derivative
reagent would influence the sensitivity (Li et al. 2001).

With the improvement of both sample preparation and au-
tomation, it is necessary and important to develop an online
analytical method. However, to the best of our knowledge, no
method is available for the online analysis of alkylphenols yet.
Therefore, the main objective of this study was to develop an
online analytical method for the above four mentioned estro-
genic odorant alkylphenols, in which an online headspace
solid-phase microextraction (HS-SPME) coupled with GC-
MS was applied. Except for the four alkylphenols, two
chlorophenols, 2-chlorophenol (2-CP), and 2-chloro-4-
methylphenol (2-C-4-MP), were included, both of which are
odorant compounds showing estrogenic potencies and are
widely distributed in the natural environment (Blair et al.
2000; Cargouet et al. 2007; Czaplicka 2004; Nishihara et al.
2000). Meanwhile, three phenolic derivatives (4-
chloroanisole (4-CAS), 2,4,6-trichloroanisole (2,4,6-TCAS),
2,4,6-tribromoanisole (2,4,6-TBAS) were also included,
which are important odorant compounds with very low odor
thresholds (Young et al. 1996; Diaz et al. 2005). To obtain the
proper analytical conditions, fiber selection, extraction tem-
perature and time, and salinity were optimized. Finally, the
developed method was validated and applied to surface water
samples.

Materials and methods

Target analytes

The physicochemical properties, odor thresholds, and estro-
genic potencies of the nine target analytes used in this study
are given in Table 1.

Reagents and materials

The standard compounds of 2-CP, 4-CAS, 2-C-4-MP, 2-t-BP,
4-t-BP, 2,4,6-TCAS, 4-n-BP, 2,4-d-t-BP, and 2,4,6-TBAS

were obtained from ANPEL Laboratory Technologies
(Shanghai) Inc. They had a purity of at least 99 %. Stock
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Table 1  Basic information of the nine target analytes®
Analytes CAS Molecular Boiling Saturated Solubility Odor Estrogenic
formula point pressure (mg/L) threshold potencies(EPs)
) (mmHg) (ng/L)
2-CP 95-57-8 C¢HsCIO 175 0.875 2400 0.97 [4] <4.5x10°°[1]
4-CAS 623-12- C;H,CIO 198 1.01 670 10 [4] -
1
2-C-4-MP 6640- C;H,CIO 195.5 0.298 1100 0.3 [4] 22x107°[1]
27-3
2-t-BP 88-18-6 CioH140 244 0.074 1100 1° <3x1077[2]
4-t-BP 98-54-4 CioH;140 237 0.0361 950 = 1x107°[2]
2,4,6- 87-40-1 C;HsC;;0 241 0.0436 34 0.05[4] -
TCAS
4-n-BP 1638- CioH140 248 0.0176 650 - 3x 107 [2]
22-8
2.,4-d-t-BP 96-76-4 C14H,0 263.5 0.00557 120 200 [5] 1.5%x107°[3]
2,4,6- 87-40-1 C;HsBr;0 298 0.0436 62 0.012 [6] -
TBAS

[1] Blair et al. (2000); [2] Nishihara et al. (2000); [3] Akahori et al. (2008); [4] Young et al. (1996); [5] Tao and Zhang (2010); [6] Diaz et al. (2005)

#The physicochemical properties of the nine target analytes were collected from SciFinder

® Unpublished work
“Not available

solutions of individual standards at a concentration of
1000 mg/L were obtained by dissolving 0.01 g standard target
into10-mL methanol. The mixed stock standard solution of
nine odorant phenolic compounds was prepared in methanol
at 10 mg/L, which was stocked in the dark at =20 °C. Sodium
chloride (analytical grade, China) was pre-purified in a fur-
nace oven at 450 °C for 2 h before its use. Deionized water
was obtained from a Milli-Q Reference (Merck Millipore,
USA) water purification system. Headspace vials (20 mL)
were purchased from Agilent technologies (USA).

Three SPME extraction fibers including Stable-flex DVB/
CAR/PDMS (50/30 pum), Stable-flex Carboxen/
polydimethylsiloxane (Carboxen/PDMS, 85 pm), and Metal
alloy Carbowax-Polyethylene Glycol (PEG, 60 pm) were pur-
chased from Supelco (Sigma-Aldrich, USA).

Online HS-SPME procedure

The online HS-SPME was performed by an RTC PAL
auto-sampler (CTC, Switzerland), which was equipped
with a 30-sample tray for 20 mL vials, an SPME fiber
conditioning station, and a temperature-controllable mixer
tray. The fiber was first conditioned before the SPME
with the manufacturer’s recommendations by inserting it
to the conditioning station and each time, the fiber was
cleaned by heating it at 270 °C for 20 min. A blank test
was performed to make sure that there is no residual of
target compounds on the fiber after the heat pre-condition-
ing. The water sample volume used each time in this

@ Springer

study was 10 mL. When the mixed standard solution or
surface water samples was added to the 20-mL vial with
certain NaCl concentration, the vial was immediately and
tightly sealed using a screw cap with a PTFE silicone-
faced septum. When the temperature of the mixer tray
reached the set temperature, the vial was stabilized for
5 min. Then, the fiber was inserted through the septum
and kept in the HS of the vial for a certain time interval.
During the extraction, the vial was shaken at a fixed speed
of 250 rpm. After the extraction, the fiber with the target
compounds was desorbed in the injector. The desorption
temperature and time were 250 °C and 5 min,
respectively.

GC-MS analysis

GC/MS analysis was performed using an Agilent 68§90P
GC coupled to an Agilent 5973 N mass-selective detector
(Agilent Technologies, USA). Separation was accom-
plished on a fused silicon column (DB-5MS,
30 m*0.25 mm id, 0.25-pum film thickness, Agilent
Company). Helium (purity >99.999 %) was used as the
carrier gas at a flow rate of 1 mL/min. The oven temper-
ature was initially set at 35 °C, and then programmed at
10 °C/min to 260 °C. The inlet, transfer line, and ion
source were set at 270, 280, and 230 °C, respectively.
The sample was injected in a splitless mode. The mass
detector was operated in the electron ionization mode at
70 eV. The time for solvent delay was set to 6 min. The
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Table2 Parameters of the SIM mode for the determination of the target
compounds

Compounds Retention time(min) Qualitative ions  Quantitative ion
2-CP 6.359 64,192 128
2-C-4-MP 8.056 77,142 107
4-CAS 8.219 99,127 142
2-t-BP 10.599 107,150 135
4-t-BP 10915 107,150 135
2,4,6-TCAS 11.482 167,210 195
4-n-BP 11.845 77,150 107
2,4-d-t-BP 13.802 57,206 191
2,4,6-TBAS 15216 301,329 344

total GC-MS analysis time was about 23 min. The reten-
tion time, qualitative ions, and quantitative ion are listed
in Table 2.

Results and discussion
Optimization of HS-SPME condition

The HS-SPME of the nine target compounds was carried out
from the headspace of the water solution at a spiked concen-
tration of 10 pg/L. The extraction performances were checked
with the main extraction parameters. They were different fi-
bers, extraction temperature, extraction time, and salt concen-
tration, through which the optimal extraction condition was
determined.

Fig.1 Chromatogram of the nine
target compounds at 10 pug/L in
aqueous solution under full scan
mode
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Determination of optimal fibers

The type of stationary phase, the polarity, and the thickness of
the fiber are crucial to the extraction efficiency. Three com-
mercial fibers DVB/CAR/PDMS, Carboxen/PDMS, and PEG
from Supelco were selected. They are said to be effective for
the extraction of volatile and semi-volatile compounds by the
provider, which have been proven to be effective by many
researchers (Llompart et al. 2002; Plotka-Wasylka et al.
2015). With the extraction at 60 °C for 20 min, all the three
fibers showed excellent extraction performance, and high
abundance of peaks for the nine target compounds were ob-
tained as shown in Fig. 1. By comparison, DVB/CAR/PDMS
gave the best extraction, followed by Carboxen/PDMS, with
PEG giving the least extraction (Fig. 2). Therefore, DVB/
CAR/PDMS was considered as the most appropriate fiber
for the selected nine targets.

Optimization of extraction temperature

Temperature is an important factor for extraction.
Different extraction temperatures ranging from 30 to
75 °C were examined. Figure 3 showed the changing of
peak areas of the nine targets at a concentration of
10 pg/L, which was plotted as a function of temperature
(30, 40, 50, 60, 70, and 75 °C) at a fixed extraction time
of 20 min. The results clearly indicated that the extraction
efficiencies increased with the increasing of the extraction
temperature. The extraction performance was greatly in-
creased, especially when the extraction temperature was
increased from 60 to 70 °C. However, a sudden drop for
the extraction performance was observed when the

24dtBP

2tBP

246TCAS

l 4{BP

4nBP 246TBAS
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Fig. 2 The effect of fiber on the 3.00E+008
HS-SPME of the nine target
compounds
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extraction temperature was further increased to 75 °C.
The distribution constants of the nine targets between
the headspace and aqueous phase increase as the temper-
ature increases; thus, it is not difficult to understand that
the extraction performance increased when the extraction
temperature increased. The reason for the decreased ex-
traction performance is not yet clear when the extraction
temperature was further increased from 70 to 75 °C. One
possible reason is that this might result from the decreased
partition coefficient of the nine targets between the head-
space and the fiber as adsorption is generally an

Fig. 3 The effect of extraction 3.00E+008
temperature on the HS-SPME of
the nine odor compounds
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exothermic process (Bagheri et al. 2007; Lord and
Pawliszyn 2000). Based on the above experimental re-
sults, the optimal extraction temperature was determined
at 70 °C.

Optimization of extraction time

Fiber extraction time is another important factor for extraction
performance. The extraction time was optimized using the
peak areas of the nine target compounds as a function of the
fiber exposure time. The SPME fiber was exposed to the
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Fig. 4 The effect of extraction
time on the HS-SPME of the nine
target compounds
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headspace of the aqueous solution spiked with 10 pg/L of the
nine target compounds for 10-35 min at a fixed temperature of
70 °C. As shown in Fig. 4, the results indicated that 30 min
was the optimal time for extraction.

Influence of salt addition

It has been proved that increasing ionic strength would in-
crease phase separation through sorting out phenomena
(Paleologos et al. 2005). Therefore, the influence of salt addi-
tion on extraction efficiency was also examined. NaCl was
used as the salt in this experiment, and five different salt

Fig. 5 The effect of salt

concentration on the HS-SPME

of nine odor compounds
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concentration gradients ranging from 0 to 0.3 g/mL were in-
vestigated at a fixed temperature and extraction time (70 °C
and 30 min, respectively). As shown in Fig. 5, the peak areas
of the nine target compounds had no significant change when
addition of the salt concentration was increased from 0 to
0.1 g/mL, but after then, the corresponding peak areas greatly
increased. With the salt concentration at 0.25 g/mL, the peak
areas of the nine target compounds were the highest. When
addition of the salt concentration was further increased, a
sharp or slow decrease for the peak areas of the nine target
compounds was observed. Therefore, the salt concentration at
0.25 g/mL was selected as the most suitable condition.
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Table3  The linear range, linearity, LOD, and limit of quantification (LOQ) of the nine target compounds in two different matrices using the developed

method in this study

Compounds Matrix Linear range (pg/L) Coefficient of LOD (pg/L) LOQ (ng/L)
determination (R?)
2-CP Purified water 1,5, 10, 20, 35, 50 0.996 0.100 0.330
Surface water 1,3,5,10, 15,20 0.996 0.222 0.741
2-C-4-MP Purified water 1,5, 10, 20,35, 50 0.995 0.300 1.000
Surface water 1, 3,5, 10,15, 20 0.994 0.500 1.660
4-CAS Purified water 1,5, 10, 20,35, 50 0.997 0.015 0.051
Surface water 1, 3,5, 10, 15, 20 0.996 0.019 0.064
2-t-BP Purified water 1,5, 10, 20,35, 50 0.993 0.003 0.011
Surface water 1,3,5,10, 15,20 0.993 0.004 0.015
4-t-BP Purified water 1,5, 10, 20,35, 50 0.993 0.077 0.256
Surface water 1,3,5,10, 15,20 0.993 0.231 0.769
2,4,6-TCAS Purified water 1,5, 10, 20,35, 50 0.997 0.004 0.014
Surface water 1,3,5,10, 15,20 0.996 0.022 0.074
4-n-BP Purified water 1,5, 10, 20,35, 50 0.992 0.034 0.112
Surface water 1,3,5,10, 15,20 0.992 0.125 0417
2,4-d-t-BP Purified water 1,5, 10, 20,35, 50 0.991 0.002 0.006
Surface water 1,3,5,10, 15, 20 0.989 0.002 0.006
2,4,6-TBAS Purified water 1,5, 10, 20,35, 50 0.997 0.003 0.010
Surface water 1,3,5,10, 15,20 0.996 0.007 0.024

Method validation and application to real samples

The developed method using the above optimized conditions
was validated with respect to linear range, coefficient of de-
termination, limit of detection (LOD), and recoveries.
Standard calibration curves were established by spiking the
nine target compounds to purified water or surface water at
six different concentration levels, which showed satisfactory
linearity based on the external standard method (Table 3).
LOD and LOQ were calculated based on three times (S/N =
3) and ten times (S/N=10) of the signal-to-noise ratio, in
which the calibrations were calculated at the lowest calibration
concentration of 1 pg/L. As shown in Table 3, LOD ranged

from 0.002 to 0.5 pg/L, while LOQ ranged from 0.006 to
1.7 ug/L. Their LOD values were all below their odor thresh-
olds, so were their LOQ values (except for 2,4,6-TCAS and
2,4,6-TBAS in which their LOQ values for surface water were
slightly above their odor thresholds). The low detection limits
suggested that the developed method is satisfactory for odor
problem screen in drinking water. To further validate the de-
veloped method, recovery experiments were carried out by
spiking three known amounts of the standard mixture to puri-
fied and surface water. To prevent potential pollution, the
same purified water or surface water were also monitored
without spiking. When the calculation was performed for re-
covery efficiency, the concentrations of the controls without

Table 4  Recoveries of the nine target compounds with online HS-SPME/GC-MS
Matrix Spiking Recovery efficiencies (%, mean+RSD, n=3)
concentration
(ug/L) 2-CP 4-CAS  2-C4-MP 2-t-BP  4-t-BP 2,4,6-TCAS  4-n-BP 2,4-d-t-BP 2,4,6-TBAS
Purified 5 108+10.6 101+44 97+34 112+55 110£80 91+2.6 112+6.0  97+3.1 88+5.4
water 10 128+1.0 114+3.2 104+51 123+1.5 113+45 93+5.1 102+£10.6 109+3.5 96+4.8
25 124+£09 119+£09 108+1.5 117+0.7 115+1.7 103+2.4 111+2.6 92+4.0 99+0.7
Surface 5 104+£2.6 108+5.1 92+12.5 116+2.7 126+£55 76+6.8 12623 107+6.5 90+12.4
water 10 118+2.7 115+£1.0 98+43 124+15 11719 89+104 116+04 111+33 93+2.8
25 105£6.6 108+8.5 94+63 109+9.4 105+10.0 92+74 103129 86+4.3 90+4.9
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spiking were excluded. As shown in Table 4, excellent recov-
ery efficiencies were obtained with low RSD.

The developed method was applied to determination
of the nine target compounds in two surface waters,
which are used as the two important sources for drinking
water production. All samples were collected at the be-
ginning of 2016. As shown in Tables 1 and 5, some of
the nine target compounds were detected, but none of
them were above their odor thresholds except for 2,4,6-
TCAS and 2,4,6-TBAS, wherein their concentrations
were near their odor thresholds. With the estrogenic po-
tencies of the target compounds and their detected con-
centrations, the estrogen equivalent (EEQ) in the moni-
tored surface water samples can be calculated as the
equation below (Liu et al. 2009b, c).

EEQ =Y EP; x ¢ (1)

where EP and ¢ denote the estrogenic potency of one spe-
cific target compound and the corresponding detected
concentration, respectively. The unit of EEQ is ngE2/L.
With their EP values in Table 1 and their detected
concentrations in Table 5, EEQ in the two surface water
samples could be calculated. The calculated EEQ levels of
the surface water A and B were about 0.15 and 0.17
ngE2/L, which were all relatively low. Soares et al.
(2009) reported that egg mortality and other adverse ef-
fects in late gastrulation and/or early organogenesis in
zebrafish were observed at very low ethynyl estradiol
(EE2) exposure concentration of 0.19 ng/L, in which the
calculated EEQ level was 0.27 ngE2/L with its EP of 1.4
(Liu et al. 2009a). The calculated EEQ levels of the two
surface water samples were about half of the exposure
level in Soares et al. (2009). As the surface waters are
two important sources for drinking water production, for
safety consideration, the latent potential adverse effects of

Table 5  Concentration levels of the nine targets in two surface water

samples

Compounds Surface water A (png/L) Surface water B (pg/L)
2-CP nd nd

2-C-4-MP nd nd

4-CAS nd nd

2-t-BP 0.004 <0.015* 0.004<0.015
4-t-BP 0.004 <0.769 1.98
2,4,6-TCAS 0.022<0.074 0.022<0.074
4-n-BP 4.77 nd

2,4-d-t-BP 0.002 <0.006 9.97
2,4,6-TBAS 0.007<0.024 0.007 <0.024
nd not detected

? Above LOD but lower than the LOQ

these detected estrogenic compounds on the consuming
residents should be evaluated if these compounds cannot
be well removed during the drinking water treatment pro-
cess. To the best of our knowledge, there is no informa-
tion on the removal of perforation of drinking water treat-
ment process (DWTP) on alkylphenols. In a batch study,
the removal efficiencies of nanofiltration membranes on
three alkylphenols of 2-t-BP, 4-t-BP, and 4-n-BP were
only 15-82 % (Jung et al. 2007), which seemed to suggest
that alkylphenols might not be readily removed by DWTP.
The fact suggested that the surface water deserves more
attention on estrogenic compounds rather than the screen-
ing for odor problem.

Conclusions

A simple, rapid, and sensitive online HS-SPME-GC/MS
method was developed for the simultaneous determination
of the nine estrogenic odorant alkylphenols and chlorophenols
and their derivatives. Extraction conditions of the HS-SPME
were optimized. The most appropriate fiber was DVB/CAR/
PDMS among the three commercial available fibers. The op-
timized extraction temperature, extraction time, and addition
of salt concentration were 70 °C, 30 min, and 0.25 g/mL,
respectively. The developed method was validated and ap-
plied to monitor two surface waters. Some of the target com-
pounds were detected, but none of the detected target com-
pounds exceed the odor thresholds except for 2,4,6-TCAS and
2,4,6-TBAS wherein their concentrations were near their odor
thresholds. However, the detected nine target compounds in
the two surface water samples contributed to certain amounts
of estrogenicity. This fact indicated that more attention should
be paid to the estrogenic effects rather than to the odor issue.
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