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Carbonized aramid fiber was prepared as a new type of adsorbent for in-tube solid-phase microextraction. *e surface structure,
chemical composition, and graphitization degree of the resulted fiber was determined and characterized by scanning electron
microscopy, X-ray photoelectron spectroscopy, and Raman spectrometry. *e prepared fiber was packed in a stainless-steel tube
instead of the sample loop of a six-port and tested for the extraction of five environmental estrogen hormones coupled with high-
performance liquid chromatography. Several parameters affecting the estrogens’ extraction including the sampling volume,
sampling rate, NaCl content, and desorption time were investigated in detail. *e extraction tube with carbonized aramid fiber
exhibited remarkable extraction performance towards five estrogen targets.*e analysis method was established, and it exhibited a
wide linear range (0.5–10.0 μg/L) with good linearity (correlation coefficient ≥0.9906), low limits of detection (0.011–0.13 μg/L),
and high enrichment factors (178–1335) for the five analytes. Relative standard deviations (n� 3) for intraday (≤4.8%) and
interday (≤4.0%) tests indicated that the extraction material had satisfactory repeatability. Bisphenol A released from a poly-
carbonate (PC) bottle was quantitatively detected with a concentration of 8.3 μg/L. *e relative recoveries spiked at 5 and 10 μg/L
were investigated, and the results were in the range of 74.3–121% for real water samples.

1. Introduction

*ere is growing interest in the presence of micropollutants
in the environment that can interfere with the endocrine
system and affect the health, growth, and reproduction of
humans and animals [1, 2]. *ese substances are known as
endocrine-damaging chemicals (EDCs) and are related to
various human diseases (such as prostate cancer, repro-
ductive tract diseases, low sperm count, and breast cancer)
[3–5]. As a typical endocrine disruptor, estrogen has been
detected in sewage, surface water, and even drinking water in
different countries [6, 7]. For example, bisphenol A (BPA) as
a prototypical EDC is an estrogenic high-production
chemical used primarily as a monomer to produce epoxy
resins and polycarbonate. It is now well known that there is
ubiquitous human exposure to BPA [8]. For this reason,
there is an urgent need to investigate the contamination of
estrogens in the natural environment.

*e analytes from the complexmatrices are often present
at low concentrations. It requires the development of sen-
sitive and specific methods for the determination of target
analytes [9]. Solid-phase microextraction (SPME) was firstly
introduced by Arthur and Pawliszyn in the early 1990s [10].
SPME is a simple and convenient sample preparation
technique that has enabled automation, miniaturization, and
high-throughput performance [11–18]. In-tube SPME is a
novel SPME technique that is easy to operate, solvent free,
and cost effective [19–22]. Coupling with high-performance
liquid chromatography (HPLC), in-tube SPME can be
successfully applied to separate and detect the target analytes
in liquid samples online [23–26]. Nowadays, the most im-
portant task for in-tube SPME is to develop efficient ex-
traction materials. Many reports use different materials for
in-tube SPME to extract environmental organic pollutants
and obtained good extraction efficiency, for example, cotton
fiber, basalt fiber, polypropylene hollow fiber, and coatings
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based on them [27–30]. Although many materials have been
developed as sorbents for the SPME, their synthesis pro-
cesses are more complex, and the use of organic solvent is
toomuch in a way.*ereby, it is more meaningful to develop
a cheap, simple, and green sorbent used as the support for in-
tube SPME.

Recently, aramid fiber, one of the representatives in the
high-performance engineered fibers family, has attracted
wide attention due to its specific properties with soft texture,
low density, high strength, and excellent thermal stability. It
has been widely used in the field of aircraft, aerospace, tanks,
missile, and so on [31, 32]. Poly-p-phenylene tereph-
thalamide (PPTA) fiber is the most common type of aramid
fiber. It is also called para-aramid, and its main chain of the
macromolecule is a linear molecular structure formed al-
ternately by amide bonds and benzene rings. If it is chosen as
a sorbent for in-tube SPME, the multiple interactions in-
cluding π-π stacking, electrostatic interaction, and hydrogen
bondmay occur between its surfaces and the extracted target
compounds of estrogenic hormones.

Based on these considerations, aramid fiber and its
carbonized fiber under high temperature were initially se-
lected as the sorbents for in-tube SPME. Both fibers were
filled in the stainless-steel tubes to make the extraction tubes.
*e extraction tube was connected to the injection valve of
HPLC, respectively, and an online analysis system was
constructed. Five common estrogenic hormones were se-
lected as the model analytes to investigate the extraction
performance using two kinds of fibers. *e online analytical
method was established and applied to the determination of
five estrogens in two real samples using the optimal ex-
traction and desorption conditions.

2. Materials and Methods

2.1.Materials andReagents. Aramid fiber was obtained from
Japan Toho Chemical Industry Co., Ltd. Methanol and
acetonitrile were HPLC grade and purchased from Tianjin
Damao Reagent Company (Tianjin, China). Five kinds of
natural and synthetic estrogens including BPA (>99.0%),
ethinylestradiol (>98.0%), diethylstilbestrol (>99.0%), hex-
estrol (>98.0%), and estrone (>98.0%) were purchased from
Shanghai Aladdin Biochemical Co., Ltd. (Shanghai, China).
*eir chemical structures are shown in Figure 1. Ultrapure
water (18.25MΩ cm, 25°C) was used for the whole experi-
ment. *e polycarbonate (PC) bottle was purchased from a
local supermarket. *e mobile phase was filtered through a
0.2 μm organic membrane. Water/acetonitrile (53 : 47, v/v)
was used as the mobile phase to elute estrogens at the de-
tection wavelength of 202 nm.

2.2.Apparatus. *eAgilent 1260 quaternary pumpwas used
as a sample pump to transport sample solutions. Analytes
were detected by using the Agilent 1220 HPLC system
equipped with a ZORBAX SB-C18 column (150× 4.6mm
i.d., 5 μm, Agilent Technologies) and a variable wavelength
detector (VWD). Aramid fiber and carbonized aramid fiber
were characterized by SEM (quanta 200 environmental

scanning electron microscope), X-ray photoelectron spectra
(XPS, *ermo ESCALAB 250XI, USA), and Raman spec-
trometry (NEXUS 670, Horiba Jobin Yvon, France). Aramid
fiber was carbonized by using a high-temperature tube
furnace (OTF-1200X-S, Hefei Kejing Material Technology
Co., Ltd., China).

2.3. Standard Solution and Real Samples. *e stock solution
(100mg/L) containing five estrogens was prepared with
methanol and stored at 4°C.

*e working solution was prepared daily from by dilution
of the stock solution with pure water to 10μg/L. *e boiled
ultrapure water was filled into a new 1L PC bottle and cooled
to room temperature. Both the cooled water in the PC bottle
and tap water taken from the laboratory were selected as real
samples for the evaluation. All water samples were filtered with
a 0.45μm water membrane before chromatographic analysis.

2.4. Preparation of the Extraction Tube. *e aramid fiber was
ultrasonically cleaned by acetonitrile for 20min, repeated 3
times, and then, dried. After drying, it was placed in a high-
temperature tube furnace with nitrogen protection. *e
carbonized temperature is investigated in the range of
500°C − 600°C

for 6 h. Afterwards, 8 strands of carbonized aramid fiber
with a length of 30 cm and a weight of 40mg were filled into
stainless-steel tubes (0.75mm i.d. and 1/16 inch o.d.), re-
spectively. Aramid fiber with the same length and weight
without carbonization was also filled into the extraction tube
for comparison.

2.5. Extraction and Analysis Procedure. As shown in Fig-
ure 2, the extraction tube was connected to the loop position
on the six-port valve of the Agilent 1220 HPLC system. *e
six-port valve was switched between load and inject states to
perform the extraction and desorption processes. In the load
state, the sample solution is transported through the ex-
traction tube via the Agilent 1260 quaternary pump and the
target analytes are adsorbed by the selected aramid fiber. In
the injection state, the mobile phase (1.00mL/min) flows
through the extraction tube and the absorbed target com-
pounds are desorbed and are detected consequently. *e
extraction and the desorption can be completed by the
switching between load and inject modes.

In order to calculate the enrichment factor (EF) values
more accurately, a series of standard solutions were prepared
in the range of 0–100mg/L. After 20μL standard solutions
with different concentrations of 0, 0.25, 0.5, 1, 2.5, 5, 10, 25, and
100mg/L were injected using the sample loop, respectively, the
calibration curve with a slope of k1 was then obtained
according to the peak area vs. concentration. Moreover, an-
other series of standard solutions with a constant sampling
volume of 50mL and different concentrations of 0, 0.5, 1, 2, 5,
and 10μg/L were prepared. After they are injected and de-
tected by using an in-tube SPME-HPLC, the calibration curve
was then obtained with a slope of k2. *e final EF can be
calculated according the following equation: EF� k2/k1.
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3. Results and Discussion

3.1. Characterization. *e morphological properties of ar-
amid fiber and carbonized aramid fiber were characterized
by SEM. As can be seen from Figure 3, the aramid fiber had a
smooth surface with few grooves. After carbonization at high
temperature, some small holes appeared, and the
increasement of roughness led to an increase of adsorption
sites in extraction.

Raman characterizations were also carried out for the
aramid fiber and its carbonized aramid fiber. As shown in
Figure 4, there was a G-band, which corresponded to the in-
plane tangential vibration of graphite-like carbon about
1580 cm−1 and a D-band associated with disordered carbon
around 1340 cm−1 for the carbonized aramid fiber [33]. In
contrast, no obvious characteristic peak was found on the
aramid fiber. *e intensity ratio of D-band to G-band was
around 1.17, indicating that high temperature caused its
partial carbonization with more graphitized carbon atoms
appeared on its surface.

As shown in Figure 5, the X-ray photoelectron
spectroscopy (XPS) spectrum indicated the carbonized
aramid fiber mainly contained elements of carbon and
oxygen. *e atomic percent of C and O was 69.4 and
17.6%, respectively. *e C 1s XPS spectrum can be fitted
into three components, and these peaks at 284.1, 284.5,
and 287.7 eV correspond to the carbon bonds of C-C,
C-OH, and C�O. *e results showed that amorphous
carbon was formed in situ on the surface of the carbonized
aramid fiber.

3.2. Optimization of Extraction Conditions. *e treatment
temperature directly affects the carbonization degree of
aramid fiber, which decides its extraction performance. In
our experiments, the carbonization temperature was in-
vestigated in the range of 500 − 600°C

with a constant carbonization time of 6 h. Under
the optimal conditions, the extraction efficiency to
five estrogens was comparatively evaluated for the
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Figure 1: Chemical structures of natural and synthetic estrogens used in this study. (a) Bisphenol A. (b) Diethylstilbestrol. (c) Hexestrol.
(d) Ethinyl estradiol. (e) Estrone.
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Figure 2: Construction of an online in-tube SPME-HPLC online system.
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carbonized aramid fiber under different temperatures
and the pristine aramid fiber. As shown in Figure 6,
the pristine aramid fiber and the carbonized aramid
fiber at 570°C and 600°C presented the lowest extraction
efficiency. When the carbonization temperature was
500°C and 550°C, the highest extraction efficiency of
five estrogens was obtained. It can be seen from Table 1
that the largest peak areas of BPA, ethynylestradiol,
diethylstilbestrol, and hexestrol were achieved at
500°C, but the peak area of estrone was the highest at
550°C.

It was probably attributed to that carbonization at
suitable temperature promoted the structural regularity
and stability of carbon atoms on the surface of
aramid fiber. In this situation, more adsorption sites were
created with higher extraction efficiency for the target
compounds; aramid fiber carbonized at 500°C was se-
lected as the extraction phase for next in-tube SPME-
HPLC.

When the peak area tends to be constant with the in-
crease of the sample volume, the extraction reaches equi-
librium and the largest extraction efficiency will be obtained.
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Figure 3: *e chemical structure of PPTA (a); SEM micrographs of aramid fiber before (b, c, and d) and after being carbonized
(e, f, and g).
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However, excessive sampling volume may result in a waste of
extraction time and affect extraction efficiency. As shown in
Figure 7(a), peak areas of the analytes increased with the
change of sampling volume from 20 to 80mL, especially for
diethylstilbestrol. *e increase of peak areas was unremark-
able for other compounds when the sampling volume was
more than 50mL. Compromising the extraction efficiency
and time, 50mLwas selected as the optimal sampling volume.

Sampling rate, as one of the optimized conditions, has a
significant impact on extraction efficiency and extraction
time. After the same sampling volume of 50mL was loaded,
the sampling rate was investigated in the range of
0.50–2.00mL/min. It can be seen from Figure 7(b) that the
peak areas of the five analytes changed little with increasing
the sampling rate from 0.50 to 1.00mL/min. While the
sampling rate increases beyond 1.00mL/min, the upward
trend can be observed easily. In order to obtain better

extraction efficiency and quick analysis, 2.00mL/min was
chosen as the optimal sampling rate.

*e addition of inorganic salts such as NaCl to the water
sample can increase the ionic strength of the solution, ef-
fectively reduce the dissolution of organic compounds, and
improve the extraction efficiency of SPME. On the other
hand, it will increase the solution’s viscosity and reduce the
diffusion rate of organic matter. Herein, NaCl in the con-
centration range of 0–2.0% (w/w) was added in the sample
solutions for the investigation. As shown in Figure 7(c), with
the increase of NaCl content, each sample’s peak area
gradually decreased, indicating that the best extraction ef-
ficiency was obtained for the sample without NaCl.
*erefore, the addition of NaCl was not considered in the
subsequent experiments.

After the extraction was completed, water/acetonitrile
(53 : 47, v/v) as the mobile phase flowed through the
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extraction tube at 1.00mL/min.*e analytes absorbed by the
support in the extraction tube were eluted, and the de-
sorption process was carried out. Adequate desorption time
ensured the full desorption of all extracted analytes and
reduced the impact of residual analytes on the next ex-
traction.*e effect of desorption time was investigated in the
range of 0.20–2.00min. As shown in Figure 7(d), five es-
trogens’ peak areas exhibited an upward trend with the
increasement of desorption time; thus 2.00min was selected
as the optimal desorption time.

3.3. Method Evaluation and Application to Real Samples.
Under optimized conditions, a series of parameters in-
cluding linear range, correlation coefficient (R2), interday
repeatability, intraday repeatability, limits of detection
(LODs), and limits of quantification (LOQs) were investi-
gated to validate the online in-tube SPME-HPLC method.
As shown in Table 2, in the selected concentration range of
0.5–10.0 μg/L, all analytes exhibited satisfactory correlation
coefficients (R2) of 0.9915, 0.9939, 0.9962, 0.9906, and
0.9941, for bisphenol A, ethynylestradiol, diethylstilbestrol,
hexestrol, and estrone, respectively. LODs (S/N� 3) and
LOQs (S/N� 10) were within the ranges of 0.017–0.13 μg/L
and 0.038–0.45 μg/L, respectively. *ree parallel tests were

performed in one day to investigate the intraday extraction
repeatability, and their relative standard deviations (n� 3)
were between 0.6% and 4.8%. Under the same conditions, an
experiment was performed once a day for three days to get
the interday extraction repeatability, and the relative stan-
dard deviation (RSDs, n� 3) of the peak area was less than
4.0%. *e extraction material has good extraction repeat-
ability. In addition, three extraction devices prepared in
different batches (n� 3) were chosen to explore the repro-
ducibility of peak areas, and the satisfactory results were
obtained with their RSDs in the range of 1.1–9.2%. *e EFs
(BPA, ethynylestradiol, diethylstilbestrol, hexestrol, and
estrone) were equal to the ratio of the slope of the standard
curve before (corresponding k1 � 0.19, 0.14, 0.13, 0.16, 0.15)
and after (corresponding k2 � 34.4, 101.3, 174.9, 101.5, 109.5)
enrichment. Under optimized conditions, each estrogen
component on the extraction tube was enriched effectively
with their values in the range of 178–1335.

*e developed method was compared with other re-
ported methods for the determination for estrogens, in-
cluding extraction materials, extraction time, enrichment
factors, and recoveries. Relative data are presented in Ta-
ble 3. Although the recoveries obtained by our developed
method were close or comparable to other work [34–39], the
LOD value was better than that of other methods except the
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Table 1: Comparison of enrichment capacity of aramid fiber and aramid fibers carbonized at different temperatures.

Analytes

Peak areas (mAU∗ S)

Pristine aramid fiber
Aramid fiber

carbonized at 500°C
Aramid fiber

carbonized at 550°C
Aramid fiber

carbonized at 570°C
Aramid fiber

carbonized at 600°C

Bisphenol A 168 603 361 448 226
Ethynyl estradiol 626 1696 1627 680 312
Diethylstilbestrol 1001 2643 2781 1712 1041
Hexestrol 916 936 605 219 119
Estrone 1092 1542 1156 351 164

6 Journal of Chemistry



3000

2500

2000

1500

1000

500

20 30 40 50

Sampling volume (mL)

Pe
ak

 ar
ea

 (m
AU

∗
S)

60 70 80

Bisphenol A

Ethinylestradiol

Diethylstilbestrol

Hexestrol

Oestrone

(a)

3000

2500

2000

1500

1000

500

0.4 0.6 0.8 1.0 1.2

Sampling rate (mL/min)

Pe
ak

 ar
ea

 (m
AU

∗
S)

1.4 1.6 1.8 2.0 2.2

Bisphenol A

Ethinylestradiol

Diethylstilbestrol

Hexestrol

Oestrone

(b)

3000

2000

2500

1400

1200

500

0.0 0.5 1.0

NaCI content (w/w, %)

Pe
ak

 ar
ea

 (m
AU

∗
S)

1.5 2.0

Bisphenol A

Ethinylestradiol

Diethylstilbestrol

Hexestrol

Oestrone

(c)

3000

2500

2000

1500

1000

500

0.0 0.5 1.0 1.5 2.0

Desorption time (time)

Pe
ak

 ar
ea

 (m
AU

∗
S)

2.5 3.0 3.5 4.0 4.5

Bisphenol A

Ethinylestradiol

Diethylstilbestrol

Hexestrol

Oestrone

(d)

Figure 7:*e optimization of extraction conditions including (a) sampling volume, (b) sampling rate, (c) NaCl content, and (d) desorption
time. Condition: concentration of estrogens, 10 μg/L. Other conditions are the same as in Figure 6.

Table 2: Analytical performances of the in-tube SPME-HPLC method for the detection of five estrogens.

Analytes LODs (μg/L) LOQs
(μg/L)

Linear ranges
(μg/L) r2a Enrichment factorsb

Extraction
repeatability (n� 3,

RSD %)c
Preparation repeatability

(n� 3, RSD %)d

Intraday Interday
Bisphenol A 0.027 0.089 0.5–10.0 0.9915 178 4.8 1.8 2.3
Ethynyl estradiol 0.017 0.055 0.5–10.0 0.9939 734 0.6 1.1 1.1
Diethylstilbestrol 0.011 0.038 0.5–10.0 0.9962 1335 1.1 1.0 1.9
Hexestrol 0.13 0.45 0.5–10.0 0.9906 634 2.3 2.1 9.2
Estrone 0.061 0.20 0.5–10.0 0.9941 750 1.7 4.0 3.9
aCalibration level: n� 3. bEnrichment factors were obtained by extracting 10 μg/L standard solution of estrogen under the optimized conditions. cExtraction
repeatability was investigated by extracting standard solution spiked at 10 μg/L of estrogens three times. dPreparation repeatability was investigated by
extracting standard solution spiked at 10 μg/L of estrogens with three extraction tubes.
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method of HPLC-FLD-UV [38]. It should be noted that the
highest EF values were achieved, compared with other
methods based on different extraction materials. Moreover,
the extraction time could be finished within 32min for our
method, which was significantly shorter than in other
methods. *ese comparisons support the fact that this
method is an effective analytical method for the determi-
nation of estrogen in environmental samples.

To confirm the applicability of the analytical method,
two real samples were selected, including water in a PC
bottle immersed in boiled water and tap water taken from

our laboratory. Generally, exposure to BPA occurs mainly by
consumption of contaminated foods and beverages that have
contacted epoxy resins or PC plastics [8]. To test the hy-
pothesis that bioactive BPA was released from PC bottles
containing water and other beverages, the pretreatment and
determination of BPA migrated from a polycarbonate bottle
was attempted using the developed method. As shown in
Table 4 and Figure 8, BPA was quantitatively detected in the
water sample in the PC cup with a concentration of 8.3 μg/L,
although no compounds were detected in the tap water. *e
spike recoveries of the analytes were examined by the

Table 3: Comparison with other reported methods for the determination of estrogens.

Analysis methods Extraction
materials

LOD
(μg/L) EFs Extraction

time (min)
Recoveries

(%) Ref.

IT-SPME-HPLC-VWD Carbonized aramid fibers 0.011–0.130 178–1335 32 74.3–121.1 *is work
HF-PIL-capsules-SPME Hollow fiber membrane-coated PIL 1.000–2.000 5–200 40 — [34]
SPME-HPLC-UV Molecularly imprinted polymer 2.210–2.390 — 38 80.0–94.0 [35]
AIED/SCSE-HPLC/
DAD Polymer ionic liquid 0.025–0.057 71–97 150 82.9–99.4 [36]

CPE-HPLC/DAD Tergitol TMN-6 0.100–0.200 66.51–94.34 60 85.9–104.0 [37]
HPLC-FLD-UV NH2-MIL-53 (Al)-polymer monolith 0.002–0.040 289–293 — 75.1–102.0 [38]
SPE-HPLC-DAD Molecularly imprinted polymers 8.71–9.54 — — 69.0–82.2 [39]

Table 4: Analytical results and recoveries of five estrogens in two real samples.

Analytes Bisphenol A Ethynylestradiol Diethylstilbestrol Hexestrol Estrone
Water in the PC bottle (μg/L) 8.3± 0.2 Not detected Not detected Not detected Not detected
Recovery (5 μg/L, %) 113.9± 7.0 100.4± 1.6 89.3± 2.2 119.0± 4.0 121.1± 3.1
Recovery (10 μg/L, %) 84.3± 1.6 75.0± 1.7 89.7± 0.7 108.6± 5.5 120.3± 8.1
Tap water (μg/L) Not detected Not detected Not detected Not detected Not detected
Recovery (5 μg/L, %) 112.2± 4.0 89.4± 0.2 86.6± 1.6 120.7± 1.5 102.4± 2.0
Recovery (10 μg/L, %) 87.7± 5.3 76.4± 0.6 74.6± 0.8 107.8± 1.9 87.5± 1.6
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Figure 8: HPLC chromatograms of (a) samples for water in the PC bottle, spiked at 5 μg/L and 10 μg/L, (b) samples for tap water, spiked at
5 μg/L and 10 μg/L. Peaks: (1) bisphenol A (2) ethynylestradiol, (3) diethylstilbestrol, (4) hexestrol, and (5) estrone. Other conditions are the
same as in Figure 7.

8 Journal of Chemistry



standard addition method. *e concentration of addition in
the sample was 0, 5, and 10 μg/L.*e recoveries were 75.0%–
121.1% for the ultrapure water in a PC bottle and 74.6%–
120.7% for the tap water, respectively. *e abovementioned
results indicated that this method could be applied to an-
alyze trace estrogens in real samples.

4. Conclusions

In this study, aramid fiber was carbonized at an optimal
temperature and characterized by SEM, Raman, and XPS,
respectively. It was filled in a stainless-steel tube as a novel
extraction material and connected to HPLC for use in an
online in-tube SPME-HPLC system to detect five estrogens
in water samples. *e carbonized aramid fiber exhibited
good durability, chemical stability, sensitivity, and excellent
extraction performance compared with the pristine aramid
fiber. Compared with the reported method for estrogen
determination, this method was sensitive, fast, and had a
high enrichment factor. Also, it was successfully applied to
separate five estrogens and detect BPA in real samples with
high extraction efficiency, good repeatability, and satisfied
recoveries.
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