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Abstract Poly(ethylene terephthalate) (polyester) fibers as
solid-phase microextraction (SPME) adsorbent were directly
filled in a poly(ether ether ketone) (PEEK) tube, for online
analysis of polycyclic aromatic hydrocarbons (PAHs) in envi-
ronmental water samples, coupled with high-performance liq-
uid chromatography. The facile, economic, and environmental
polyester fibers-in-tube SPME device exhibited high extrac-
tion efficiency, good selectivity for PAHs, and satisfactory
durability. Under optimum conditions, the polyester fibers
provided satisfactory enhancement factors in the range of
307–1646, and low detection limits ranging from 0.01 to
0.03 μg L−1. The linearity was in the range of 0.03–
80 μg L−1 with correlation coefficients (r) ranging from
0.9978 to 0.9997. Limit of quantification was defined as a
concentration of the analytes with a ten-time signal-to-noise
ratio (S/N=10) and was in the range of 0.03–0.1 μg L−1. The
intra-day and inter-day precisions for quantitative analysis
were investigated and the relative standard deviation (RSD)
was lower than 5.8 and 6.9 %, respectively. Extraction repeat-
ability was also investigated and its RSD was in the range of
3.8–7.8 %. Finally, the fiber-in-tube SPME device was suc-
cessfully applied to analyze PAHs in water samples.

Keywords Solid-phase microextraction . Poly(ethylene
terephthalate) . Fibers-in-tube . Polycyclic aromatic
hydrocarbons . Online analysis

Introduction

Solid-phase microextraction (SPME), a simple extraction
method invented by Pawliszyn and co-workers in the 1990s,
is a promising sample preparation technique [1, 2]. This meth-
od can overcome the problems of traditional methods by elim-
inating the use of organic solvents and by integrating sample
extraction, concentration, and introduction into a single step
[3, 4]. There are also many other merits such as rapidness,
easy operation, environmental friendliness, and economical
use [5]. SPME has become one of the most widely used sam-
ple preparation techniques in the past, due to its high sensitiv-
ity and selectivity. At early times, fiber-based SPMEwasmore
easily coupled to gas chromatography (GC), the extraction
device was a fused silica or a stainless steel (SS) wire fiber
externally coated with a polymeric sorbent at one of the ends
[6]. Analytes were extracted by the coated sorbent and then
the fiber was introduced into GC instrument for thermal de-
sorption analysis. However, SPME-GC involves multi-steps
which may lead to analytes losing before GC analysis and
decrease determination precision [7]. In addition, thermally
labile analytes and compounds with high boiling point are
not achieved effective analysis using GC without any treat-
ment. In contrast, high-performance liquid chromatography
(HPLC) has a broader scope of analytes. It could be a wise
choice to make SPME couple with HPLC to expand the area
of analysis.

In order to couple with HPLC and accomplish online anal-
ysis, in-tube SPME was developed [8, 9]. In-tube SPME is
suitable for automation, which can provide better accuracy,
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precision, and sensitivity than those offline methods [10, 11].
In-tube SPME is a mode of SPME which typically uses a GC
capillary column with a proper coating to extract the analytes
[12–15]. Its main processes are not complicated; simply
speaking, an aqueous sample was flowed through an open
capillary column and the extracted analytes on column coating
can be analyzed by being desorbed into the HPLC. Although
GC capillary columns are usually applied for in-tube SPME,
many defects such as high cost, easy damage, and low extrac-
tion efficiency give a limit for further application. Many new
style capillaries such as fiber-packed [16], sorbent-packed
[17], and rod-type monolith capillaries [18, 19] were also de-
veloped to improve extraction efficiency and specificity.
Sorbent-packed and rod-type monolith capillaries have excel-
lent extraction efficiency for analytes, but complex prepara-
tion process and high requirements for equipment are
necessary.

Fiber-in-tube SPME not only enhances the extraction
efficiency by placing SPME fibers into the tube but also
improves the symmetry of chromatographic peaks via de-
creasing dead volume in tube [20–22]. Except for several
kinds of fibers [23] only used to diminish the inner vol-
ume of the tube, more kinds of fibers including metallic
materials [20, 24], fused silica [22, 25], and organic poly-
mer [26], were employed as sorbent part to enhance ex-
traction efficiency. However, they were often modified by
a complicated chemical process. Poly(ethylene terephthal-
ate) (polyester) is a chemically and physically stable, eco-
nomic, and common polymer material. It is often used in
clothing fabrics, modified asphalt [27, 28], and concrete
materials [29, 30] without any special treatment. As
shown in Fig. 1a, it is composed of aliphatic hydrocarbon,
ester, benzene, and alcohol hydroxyl groups, which can
provide multiple interactions including hydrophobic

interaction, π-π stacking, and hydrogen bond with organic
compounds.

In this work, a poly(ether ether ketone) (PEEK) tube was
packed with a bundle of polyester fibers to obtain a new
fibers-in-tube device (Fig. 1b) for in-tube SPME. Polyester
fibers were characterized by a scanning electron microscope
(SEM) and an energy-dispersive x-ray (EDX) spectrometer.
By replacing the sample loop of HPLC equipment with a
polyester fibers-in-tube device, online SPME-HPLC system
was built. Polycyclic aromatic hydrocarbons (PAHs) are im-
portant environmental pollutants, which have been widely
distributed in the environment. PAHs were usually selected
as target to investigate novel SPE or SPME materials, and
some methodologies were also developed to detect these
analytes. While polyester fiber is not a kind of new material,
as far as we know, it is firstly explored in SPME in currently
published sources. Based on multiple extraction mechanism
of the polyester fibers with PAHs, online SPME-HPLC sys-
tem was evaluated with eight PAHs as listed in Table 1. Under
the optimum extraction and desorption conditions, the online
SPME-HPLC method was established and applied to detect
model analytes in rain water and river water samples.

Experimental

Materials and reagents

Poly(ethylene terephthalate) fibers were obtained from Jinan
Hongmei Thread Factory (Jinan, China). PEEK tube (0.16 cm
o.d., 250 μm i.d.) was purchased from Haohai Chemical
(Wuhan, China). Naphthalene (Nap), acenaphthylene (Any),
acenaphthene (Ana), fluorene (Flu), phenanthrene (Phe), an-
thracene (Ant), fluoranthene (Flt), pyrene (Pyr), bisphenol A,

Fig. 1 Schematic diagrams of chemical structure of polyester fibers (a), polyester fibers-in-tube device (b), and an automated in-tube SPME-HPLC
system (c) including extraction step and desorption step
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ethinylestradiol, estrone, diethylstilbestrol, hexestrol, dimeth-
yl phthalate, diethyl phthalate, diallyl phthalate, benzyl butyl
phthalate, di-n-butyl phthalate, di-n-pentyl phthalate,
dicyclohexyl phthalate, phenol, o-Nitrophenol, 2,6-dimethyl
phenol, 1-naphthol, p-aminophenol, aniline, 4-methyl aniline,
2,6-dimethylaniline, n-ethylaniline, diphenylamine, ethyl 4-
hydroxybenzoate, propyl p-hydroxybenzoate, butyl paraben,
methylbenzene, ethylbenzene, n-propylbenzene, and n-
butylbenzene were purchased from Shanghai Jingchun
Industry Co. (Shanghai, China). All above-mentioned re-
agents were analytical grade. Acetonitrile and methanol were
HPLC grade and purchased from Tedia (USA) and Yuwang
Chemical Reagent Co. (Dezhou, China), respectively.

Apparatus

All chromatographic analyses were performed on an Agilent
1260 HPLC system (USA) equipped with a 20-μL sample
loop, a Zorbax C18 column (250×4.6 mm i.d., 5 μm), and a
diode array detector (DAD). Napwas detected at 220 nm, Any
and Flu were detected at 225 nm, Flt and Pyr were detected at
230 nm, Phe and Ant were detected at 250 nm, and Ana was
detected at 260 nm. Bisphenol A, ethinylestradiol, estrone,
diethylstilbestrol, and hexestrol were detected at 202 nm.
Dimethyl phthalate, diethyl phthalate, diallyl phthalate, benzyl
butyl phthalate, di-n-butyl phthalate, di-n-pentyl phthalate,
dicyclohexyl phthalate, methylbenzene, ethylbenzene, n-
propylbenzene, and n-butylbenzene were detected at

210 nm. Phenol, o-nitrophenol, 2,6-dimethyl phenol, 1-naph-
thol, p-aminophenol, aniline, 4-methyl aniline, 2,6-
dimethylaniline, N-ethylaniline, diphenylamine, ethyl 4-
hydroxybenzoate, propyl p-hydroxybenzoate and butyl
paraben were detected at 254 nm. A P1201 HPLC pump
was applied to move sample solution into extraction tube
and purchased from Dalian Yilite analytical instruments Co.,
Ltd. (Dalian, China). Mobile phases were filtered with a
0.45-μm nylon membrane filter. All chromatographic tests
used acetonitrile-water or methanol-water as the mobile phase
at 25 °C and 1 mL min−1. Polyester fibers were characterized
by a field-emission SEM (SUPRATM55, Carl Zeiss, AG,
Germany) equipped with an energy-dispersive x-ray spec-
trometer (EDS, Oxford INCA X-Act, UK).

Preparation and characterization of polyester
fibers-in-tube device

A bundle of polyester fibers including about 120 fibers
(120 cm, 30 mg) was washed in ultra-pure water under
ultrasonication for 0.5 h, and then washed in methanol for
1 h. A 30-cm PEEK tube was cleaned by ultra-pure water
and methanol. The folded polyester fibers bundle was filled
into the PEEK tube, and the polyester fibers-in-tube extraction
device was successfully prepared. The polyester fibers were
characterized by SEM. As shown in Fig. 2a, polyester fibers
are twisted into a bundle, and they are relatively loose and
avoid mutual obstacles. As shown in Figs. 2b–d, the single

Table 1 Analytical performances of the polyester fibers-in-tube SPME-HPLC method for eight PAHs

Analytes Structure Linear range (µg L-1) LODs (µg L-1) LOQs (µg L-1)
Precision (n=5, RSD%)

r FE Detector (nm)
Intra-day Inter-day

Nap 0.03–80 0.01 0.03 3.2 4.3 0.9989 307 220

Any 0.03–80 0.01 0.03 3.7 3.2 0.9978 423 225

Ana 0.1–80 0.03 0.1 4.9 4.8 0.9993 1283 260

Flu 0.03–80 0.01 0.03 4.2 3.5 0.9996 516 225

Phe 0.03–80 0.01 0.03 5.8 5.1 0.9991 1646 250

Ant 0.03–80 0.01 0.03 3.5 3.8 0.9992 1401 250

Flt 0.1–80 0.03 0.1 4.1 6.9 0.9997 901 260

Pyr 0.03–80 0.01 0.03 4.9 5.2 0.9997 440 260
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fiber with uniform size has many grooves on the surface,
which is helpful to improve extraction efficiency and acceler-
ate mass transfer. The elements of the polyester fiber com-
posed of carbon and oxygen were obvious in the EDS spec-
trum (Fig. S1) in the Electronic Supplementary Material. The
atom ratio of carbon and oxygen is 5.2:7.3, which is consistent
with the theoretical component.

Sample preparation

Stock solutions of PAHs, estrogens, phthalates, alkyl ben-
zenes, p-hydroxybenzoates, phenols, and anilines were pre-
pared at concentrations of 10 mg L−1 in methanol solvent
and stored at 4 °C, respectively. Working solutions were pre-
pared daily by diluting the stock solution with ultra-pure water
to 2 μg L−1 for all of these analytes. A serial of standard
solution (0.312, 0.625, 1.25, 2.5, 5, 10 mg L−1) was directly
injected into the HPLC system with a 20-μL sample loop to
obtain the relationship between peak areas and analytes con-
centration (CSPME) for calculating enrichment factors. And
1 μg L−1 (Co) of aqueous solution was extracted to calculate

the enrichment factors of analytes. Rain water and river water
were collected locally as real samples. Before analysis, river
water and rain water samples were filtered with a 0.45-μm
nylon membrane filter.

Extraction conditions investigation

Several factors can influence the extraction efficiency, such as
sampling rate, sample pH value, sample volume, extraction
temperature, organic solvent content, desorption time, and so
on. To achieve the best extraction efficiency of polyester
fibers-in-tube extraction device for PAHs,main factors includ-
ing sample pH value, sampling rate, sample volume, and
methanol content were optimized.

Fibers-in-tube SPME-HPLC online system

The extraction tube device was directly mounted on the six-
port valve of HPLC equipment via replacing the sample loop.
A schematic diagram of the in-tube SPME-HPLC system is
illustrated in Fig. 1c. Online SPME-HPLC method consisted

Fig. 2 The SEM images of the surface of polyester fibers
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of two steps, i.e., extraction and desorption processes. In ex-
traction process, the six-port valve was set at load mode, sam-
ple solution was driven by sample pump (pump 2) with a
certain flow rate through the polyester fibers-in-tube device.
After extraction, the six-port valve was switched into injection
mode for the desorption step. The mobile phase (acetonitrile-
water or methanol-water) was flowed through the extraction
PEEK tube with a flow rate of 1.0 mLmin−1 (pump 1), eluting
the analytes into the HPLC column for separation and further
detection by DAD detector. After desorption, six-port valve
was returned to load position, and the extraction process was
carried out again. Gradient elution (A = acetonitrile, B = ultra-
pure water; 0 min A= 70 %, B=30 %; 10 min A=70 %,
B=30 %; 20 min A=100 %, B=0 %; 17.5-min stop) was
set for PAHs. Acetonitrile-water (50:50, v/v) was used for
estrogens. Gradient elution (A = methanol, B = ultra-pure wa-
ter; 0 min A=80 %, B=20 %; 5 min A=80 %, B=20 %;
15 min A=100 %; 18-min stop) was used for phthalates.
Gradient elution (A = acetonitrile, B = ultra-pure water;
0 min A = 70 %, B = 30 %; 5 min A = 70 %, B = 30 %;
15 min A=100 %; 13 min stop) was used for alkyl benzenes
and p-hydroxybenzoates. Methanol-water (70:30, v/v) and
methanol-water (80:20, v/v) were used for phenols and ani-
lines, respectively.

Results and discussion

Optimization of extraction conditions

Sample pH value

For in-tube SPME, changing the pH of the sample matrix
could affect the extraction efficiency of a particular adsorbent.
Various pH values in the range of 2–8 regulated with 10-mM
phosphate buffers were investigated. As shown in Fig. 3a, the
results demonstrated that pH values of solution have no obvi-
ous effect on the extraction performance of the polyester fi-
bers. pH of working solution without regulation is about 7. So,
the working solution was directly extracted without any pH
regulation in the next investigations.

Sampling rate

It is known that the required time to obtain extraction equilib-
rium is proportional to the length of the extraction tube and the
volume of the coating, while it is inversely proportional to
sampling rate [31, 32]. Sampling rate affects extraction effi-
ciency and analysis time. Generally, high sampling rate is
desirable for rapid analysis. However, in in-tube SPME, the
sampling rate is limited by hindrance of sorbents inside the
tube and mechanical strength of the tube. A relatively high
sampling rate would lead to stripping of the sorbents, low

extraction efficiency, and high pressure; but a relatively low
sampling rate will prolong analysis time and reduce work
efficiency. The high sampling pressure will bring damage to
the instrument system as well.

In this experiment, sampling rate was investigated from
0.75 to 2.00 mL min−1 by extracting 40 mL of working solu-
tion. As shown in Fig. 3b, peak areas of all eight PAHs are
almost unchanged with increasing sampling rate from 0.75 to
1.50 mL min−1, then peak areas of most analytes appear
downward trend from 1.50 to 2.00 mL min−1. It seems that
extraction efficiencies of PAHs are not affected much at low
sampling rates, but cannot maintain with a high sampling
rates. Sampling rate of 1.50 mL min−1 was selected for rapid
analysis and satisfactory extraction efficiency.

Sample volume

For in-tube SPME, the extraction amount is closely associated
with the volume of extracting phase and sample matrix.
Extraction equilibrium volume is a minimum sample volume
to obtain optimum extraction efficiency under the fixed sam-
pling rate. The effect of sample volume on extraction efficien-
cy was investigated from 10 to 50 mL with a sampling rate of
1.50 mL min−1. As can be seen in Fig. 3c, the peak areas of
most PAHs increase rapidly along with the increase of the
sample volume from 10 to 40 mL; there is no obvious change
observed when sample volume increases more than 40 mL.
The extraction equilibrium may be achieved at 40 mL for
these analytes. Sample volume of 40 mL was selected for
highest extraction efficiency.

Methanol content

Methanol was usually added into the sample solutions as a
cosolvent, to increase the solubility of PAHs in aqueous solu-
tion. In SPME, excessive organic solvent will reduce extrac-
tion efficiency due to its influence on the adsorption of
analytes on extraction materials. Under fixed sample volume
(40 mL) and sampling rate (1.50 mL min−1), PAHs sample
solutions containing different content methanol in the range of
0.5–5 % (v/v) were loaded into polyester fibers-in-tube extrac-
tion device for SPME. As can be seen in Fig. 3d, peak areas of
most PAHs are found to increase with increasing methanol
content from 0.5 to 1 %, and decrease when methanol content
is further increased. In order to obtain satisfactory extraction
efficiency and repeatability, methanol content in samples was
selected as 1 % (v/v).

Desorption time

In SPME, desorption process is very important for extraction
efficiency, since it must be sufficient to release all the analytes
without damaging the extraction coating. The desorption
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profiles were investigated ranging from 0.2 to 2.0 min. As
shown in Fig. 3e, the effect of desorption time on extraction
efficiency is slightly improved in the range of 0.2–1.0 min.
The desorption was almost complete when desorption time of
1.0 min was used. To protect extraction coating and avoid any
possible peak broadening, desorption time was set as 1.0 min
for all tests.

Method evaluation

Based on the above-mentioned optimization process, a sam-
pling rate of 1.50 mL min−1, sample volume of 40 mL, meth-
anol content of 1 % (v/v) and desorption time of 1.0 min were
chosen as the optimum conditions. The polyester fibers-in-
tube SPME-HPLCmethod, including linear range, correlation

coefficients (r), intra-day and inter-day precision, limits of
detection (LODs), and limits of quantification (LOQs) were
investigated. As outlined in Table 1, linear ranges are 0.03–
80 μg L−1 for Nap, Any, Flu, Phe, Ant, and Pyr; 0.1–
80 μg L−1 for Ana and Flt with correlation coefficients (r)
ranging from 0.9978 to 0.9997. LODs were defined as a con-
centration of the analytes with a signal-to-noise ratio (S/N) of
3 and are 0.01–0.03 μg L−1. LOQs were defined as a concen-
tration of the analytes with a signal-to-noise ratio (S/N) of 10
and are 0.03–0.1 μg L−1. Method precision was assessed by
reduplicate extraction and analysis (n=5) of standard solu-
tions (2 μg L−1) on the same and different days. The intra-
day and inter-day relative standard deviation (RSD) for quan-
titative analysis were lower than 5.8 and 6.9 %, respectively.
Extraction repeatability was also investigated by extracting

Fig. 3 The effect of extraction conditions including effect of sample pH
value (a), sampling rate (b), sample volume (c), methanol content (d), and
desorption time (e) on extraction efficiency of the polyester fibers-in-tube

device for PAHs. Conditions: sample pH value, 7; sampling rate,
1.50 mL min−1; sample volume, 40 mL; methanol content, 1 % (v/v);
desorption time, 1.0 min; concentration of PAHs analytes, 2 μg L−1

Table 2 Comparison of sensitivity and enrichment factors of different online SPME-HPLC methods by various sorbents for PAHs analytes

Method Sorbent LODs (μg L−1) Enrichment factors Analytes

This method Polyester fibers-in-tube 0.01–0.03 307–1646 PAHs

SPME-HPLC-FD [31] Stainless steel sample loop 0.2–2 651–834 PAHs

SPME-HPLC-FD [33] Zeolitic imidazolate framework-8 polydopamine PEEK tube 0.5–5 550–734 PAHs

SPME-HPLC-FLD [34] CP-Sil 19CB capillary column 0.32–4.63 18–47 PAHs

SPME-HPLC-FLD [35] SE-54 capillary column 0.05–0.6 – PAHs

SPME-HPLC-FLD [36] Sol-gel-based copper tube device 0.005–0.5 20–100 PAHs

SPME-HPLC-UV [37] Metal-organic hybrid gels capillary 0.24–0.4 21.1–55.6 PAHs
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standard PAHs aqueous solution spiked at 2 μg L−1 three
times, and its RSD is in the range of 3.8–7.8 %. Good preci-
sion, as well as low LODs and LOQs indicated that the ex-
traction device can provide good extraction repeatability and
ensure the accuracy of the experiment.

In order to further evaluate extraction efficiency of the
polyester fibers-in-tube, the enrichment factors (FE) for
PAHs were investigated. The enrichment factors of model
analytes were calculated by the ratio of analytes concen-
trations after and before extraction (FE = CSPME/Co,
Co = 1 μg L−1). As shown in Table 1, the polyester
fibers-in-tube extraction device exhibits high extraction
capability for PAHs with enrichment factors ranging from
307 to 1646.

Sensitivity and enrichment factors of this method for
PAHs analytes were compared with that of other report-
ed methods. As can be seen from Table 2, the sensitiv-
ity of this method is obviously superior to the in-tube
SPME-HPLC methods using stainless steel sample loop

[31] and zeolitic imidazolate framework-8 polydopamine
PEEK tube [33]. The better sensitivity of this method is
attributed to higher enrichment capacity of more fiber
sorbent of fiber-in-tube SPME than in-tube SPME.
This method also provides lower or comparable LODs
for PAHs than other methods, based on some sorbents
including CP-Sil 19CB capillary column [34], SE-54
capillary column [35], sol-gel-based copper tube device
[36], and metal-organic hybrid gels capillary [37]. It
results from good extraction performance of the polyes-
ter fibers to PAHs.

Application to real samples

PAHs can effect on organisms with the potential carcinogenic,
which is widely distributed in environment including water,
soil, and air. In this work, the polyester fibers-in-tube SPME-
HPLCmethod was used to the determination of PAHs analytes
in rain water and river water samples. Chromatograms of two

Fig. 4 HPLC chromatograms of PAHs in rain water sample (a) and river water sample (b) extracted using the polyester fibers-in-tube device and
detected at 230 nm. Peaks: 1 Nap, 2 Any, 3 Ana, 4 Flu, 5 Phe, 6 Ant, 7 Flt, and 8 Pyr. Extraction conditions are the same as in Fig. 4

Table 3 Determination results and recoveries for eight PAHs in two real samples

Analytes Rain water (μg L−1) Recoverya (n= 3) Recoveryb (n = 3) River water (μg L−1) Recoverya (n= 3) Recoveryb (n= 3)

Nap Not detected 108.2 103.5 Not detected 113.4 96.2

Any 0.15 107.6 95.4 Not detected 106.7 92.5

Ana 0.32 118.3 98.7 Not detected 93.1 91.3

Flu Not detected 116.5 93.6 Not detected 96.7 91.8

Phe 0.21 116.9 93.8 Not detected 106.2 99.5

Ant 0.29 102.7 107.4 Not detected 111.4 96.4

Flt Not detected 95.5 102.6 Not detected 93.5 102.8

Pyr Not detected 97.3 105.7 Not detected 100.4 105.7

a Standard addition level = 2 μg L−1

b Standard addition level = 10 μg L−1
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samples are shown in Fig. 4, and simultaneous analysis of eight
PAHs could be performed in a single run through the polyester
fibers-in-tube SPME-HPLCmethod. The peaks were identified
according to the retention time of each standard compound.
The analysis results are listed in Tables 3 and 4. As can be seen
from Fig. 4a, Any, Ana, Phe, and Ant are detected in rain water,
their concentration ranges from 0.15 to 0.32 μg L−1. The rela-
tive recoveries spiked at 2 and 10 μg L−1 in river water are in
the range of 95.5–118.3 and 93.8–107.4 %, respectively. As
shown in Fig. 4b, no analytes are detected in river water. The
relative recoveries spiked at 2 and 10 μg L−1 in river water
samples are in the range of 93.1–113.4 and 91.3–105.7 %,
respectively. These results indicated the polyester fibers-in-
tube SPME-HPLC method was an efficient online analysis
method to PAHs analytes in samples.

Extraction selectivity

Extraction selectivity of the polyester fibers-in-tube device
was investigated by several different types of compounds in-
cluding PAHs, estrogens, phthalates, alkyl benzenes, p-
hydroxybenzoates, anilines, and phenols. The enrichment fac-
tors of PAHs have been listed out in Table 1, enrichment
factors of the rest of the six types of compounds are shown
in Table 3. Enrichment factors are in the range of 33–484 for
five estrogens, enrichment factors are in the range of 0–509
for seven phthalates, enrichment factors are 0 for all five phe-
nols, enrichment factors are in the range of 0–378.6 for five
anilines, enrichment factors are in the range of 195.4–1065.3
for alkyl benzenes, and enrichment factors are in the range of
0–208.3 for p-hydroxybenzoates.

Table 4 Enrichment factors different types of compounds on polyester fibers-in-tube SPME device

Compounds Chemical Structure
Molecular 

wight
LogKOW

Enrichment 

factors

Bisphenol A

OHHO

228.29 3.32 33

Ethinylestradiol

HO

OH

H H

H 296.40 4.12 285.9

Estrone

HO

O

H

H

H

270.37 3.43 124.8

Diethylstilbestrol OH
HO 268.36 5.07 357.7

Hexestrol OH
HO 270.37 5.6 484

Dimethyl phthalate 194.18 1.60 0

Diethyl phthalate 222.24 2.42 0

Diallyl phthalate 246.26 3.23 0
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Chromatograms of different types of compounds be-
fore and after extraction on the polyester fibers-in-tube
are shown in Fig. 5. As can be seen from Fig. 5a, the
PAHs analytes cannot be detected for direct injection of
a sample spiked at 2 μg L−1, but after the extraction,
chromatographic peaks become very obvious. It indicat-
ed that the polyester fibers-in-tube possessed excellent
extraction ability for PAHs. As shown in Fig. 5b, estro-
gens including bisphenol A, ethinylestradiol, estrone, diethyl-
stilbestrol, and hexestrol were all extracted on the extraction
device. Compared with PAHs, the extraction capability of

polyester fibers for estrogens was significantly decreased. It
may result from their hydrophobic property weaker than
PAHs. As shown in Fig. 5c, more hydrophobic phthalates
including benzyl butyl, di-n-butyl, di-n-pentyl, and
dicyclohexyl phthalates are extracted on the extraction tube,
but less hydrophobic phthalates including dimethyl, diethyl,
and diallyl phthalates almost not be extracted. As shown in
Figs. 5d, e, except for the weak extraction for N-ethylaniline
and diphenylamine, other anilines and phenols cannot be
enriched. As shown in Fig. 5f, the polyester fibers exhibit
stronger extraction ability for hydrophobic alkyl benzene than

Table 4 (Continued)

Benzyl butyl phthalate 312.36 4.73 296.6

Di-n-butyl phthalate 278.35 4.50 432.3

Di-n-pentyl phthalate 306.40 5.62 487.7

Dicyclohexyl phthalate 330.42 6.20 509

p-Aminophenol 109.13 0.04 0

Phenol 94.11 1.46 0

o-Nitrophenol 139.11 1.79 0

2,6-Dimethyl phenol 122.17 2.36 0

1-Naphthol 144.17 2.85 0

Compounds Chemical Structure
Molecular

wight

Enrichment 

factors
LogKOW
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hydrophilic p-hydroxybenzoates. It is further explained that
the polyester fibers have a greater ability to extract hydropho-
bic analytes.

On the basis of the above-mentioned results, the
polyester fibers-in-tube SPME device showed strongest
extraction selectivity for PAHs due to the hydrophobic
interaction, π-π stacking, and hydrogen bond between
polyester molecule and electron-rich PAHs [31]. The
extraction device presented weak extraction ability for
estrogens, phthalates, alkyl benzenes, and p-hydroxybenzoates,

and it has almost no enrichment ability for hydrophilic phenols
and anilines. The results indicated its extraction selectivity for
electron-rich or strong hydrophobic analytes.

Durability

Durability is essential for practical application of a SPME
material. Damage of the adsorbent of in-tube SPME was
mainly caused by its exposure to high temperature, high
pressure, organic solvent, and acidic or basic solution

Table 4 (Continued)

Aniline 93.13 0.90 0

4-Methyl aniline 107.15 1.39 0

2,6-Dimethylaniline 121.18 1.84 0

N-ethylaniline 121.18 2.16 213

Diphenylamine 169.22 3.50 378.6

Ethyl 

p-hydroxybenzoate
HO O

O

166.17 2.47 0

Propyl 

p-hydroxybenzoate
HO O

O

180.20 3.04 0

Butyl paraben HO O

O

194.23 3.57 208.3

Methylbenzene 92.14 2.69 195.4 

Ethylbenzene 106.16 3.15 154.8 

n-Propylbenzene 120.19 3.69 805.4 

n-Butylbenzene 134.22 4.38 1065.3

Compounds Chemical Structure
Molecular 

wight
LogKOW

Enrichment 

factors
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during consecutive extractions [38]. PEEK tube is an ideal
substrate of in-tube SPME with good resistance to high
pressure. Polyester fibers in PEEK tube show excellent
stability, and the extraction capacity is still maintained
after more than 100 times of extraction and desorption

process. The extraction efficiency of the polyester fibers-
in-tube was investigated at different extraction times. A
3D bar diagrams can be seen in Fig. 6; the peak areas
of eight PAHs had no obvious change within 180 times
according to the results at 1st, 60th, 120th, and 180th. It
is obvious that the polyester fibers-in-PEEK tube was a
durable SPME device.

Conclusions

In this work, a facile and efficient poly(ethylene terephthalate)
fibers-in-tube for online solid-phase microextraction towards
polycyclic aromatic hydrocarbons was developed. The form
of fiber-in-tube extraction device not only overcomes
the defect of larger dead volume of open tube, but also
increases the sorbent to improve extraction efficiency.
The polyester fibers-in-tube device possesses the advan-
tages of easy preparation, low-cost, high extraction effi-
ciency, high selectivity, durability, and environmental
friendliness. The method was established under the op-
timized conditions, and it provided low LODs and

Fig. 6 Durability of the polyester fibers-in-tube device in extraction
process

Fig. 5 HPLC chromatograms of extraction selectivity investigation of
the polyester fibers-in-tube device. a PAHs sample detected at 230 nm,
peaks: 1 Nap, 2 Acy, 3 Ana, 4 Flu, 5 Phe, 6 Ant, 7 Flt, and 8 Pyr. b
Estrogens sample detected at 202 nm, peaks: 1 bisphenol A, 2
ethinylestradiol, 3 estrone, 4 diethylstilbestrol, and 5 hexestrol. c
Phthalates sample detected at 210 nm, peaks: 1 dimethyl phthalate, 2
diethyl phthalate, 3 diallyl phthalate, 4 benzyl butyl phthalate, 5 di-n-
butyl phthalate, 6 di-n-pentyl phthalate, and 7 dicyclohexyl phthalate. d

Phenols sample detected at 254 nm, peaks: 1 p-aminophenol, 2 phenol, 3
o-nitrophenol, 4 2,6-dimethyl phenol, and 5 1-naphthol. e Anilines
sample detected at 254 nm, peaks: 1 aniline, 2 4-methyl aniline, 3 2,6-
dimethylaniline, 4N-ethylaniline, and 5 diphenylamine. fAlkyl benzenes
and p-hydroxybenzoates sample detected at 210 nm, peaks: 1 ethyl 4-
hydroxybenzoate, 2 propyl p-hydroxybenzoate, 3 butyl paraben, 4
methylbenzene, 5 ethylbenzene, 6 N-propylbenzene, and 7 N-
butylbenzene

Facile and efficient poly(ethylene terephthalate) fibers-in-tube 4881



LOQs, good extraction repeatability and wide linear
ranges, and good intra-day and inter-day precisions.
So, the poly(ethylene terephthalate) fibers-in-tube
SPME extraction device has potential application to de-
termination of polycyclic aromatic hydrocarbons.
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