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An ionic-liquid-modifiedmelamine-formaldehyde aerogel for in-tube
solid-phase microextraction of estrogens followed by high
performance liquid chromatography with diode array detection
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Abstract
A combination between an ionic liquid andmelamine-formaldehyde aerogel on the carbon fibers was developed for in-tube solid-
phase microextraction of estrogens with high efficiency. The sorbent has a high enrichment capability for several estrogens.
Scanning electron microscopy showed that the aerogel on the carbon fibers has a porous three-dimensional network structure.
Several important parameters such as sampling volume, sampling rate, the concentration of organic solvent in sample, pH value
of sample as well as desorption time were optimized towards estrogen targets. Comparing with melamine-formaldehyde aerogel
coating, the coating gave higher extraction efficiency. Comparing with melamine-formaldehyde aerogel coating, the new coating
displays higher extraction efficiency. An online analytical method of estrogens was established, by the combination between in-
tube solid-phase microextraction and high performance liquid chromatography with diode array detector. Analytical figures of
merit include low limits of detection (<0.20μg L−1), wide linearity (0.15–20μg L−1), high enrichment factors (1028–1256), good
extraction repeatability (RSDs<2.5%) and satisfactory preparation repeatability (RSDs<10.5%). The method was applied to the
determination of trace estrogen targets in plastic bottle, tap water and surface water.
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Introduction

Aerogels are advanced materials with promising physical
properties like large surface area, low density, high thermal
stability and porosity. Therefore, it was widely used as catalyst
support, biomedicines, sensors and adsorbents [1]. In 1931,
the first silica aerogel was created by Kistler and then zirconia,
alumina aerogels were also prepared [2]. Up to date, a series of
aerogels based on silica [3], carbon [4], metal oxides [5], or-
ganic polymers [6, 7] and inorganic-organic hybrids [8] have
been developed. In terms of extraction or adsorption, some

studies on graphene aerogels [9, 10], silica aerogels [11] and
carbon aerogels [12] were conducted. Melamine-
formaldehyde (MF) aerogel, as a kind of typical organic
aerogels, was firstly developed by Pekala in 1991 [6]. To
overcome the disadvantages containing poor-toughness and
long-gelation time, MF aerogel was further improved by in-
organic hybridization or organic functionalization. A compos-
ite aerogel was prepared through doping SiO2 intoMF aerogel
with sol-gel technology, the gelation time was greatly short-
ened in this way [13]. The starch as a functional monomer was
introduced in MF aerogel, the melamine-starch-formaldehyde
aerogel was synthesized and exhibited high surface area, rel-
atively large pore volume, low bulk density and excellent
mechanical performance [14]. Ionic liquids (ILs) possess the
unique physicochemical properties, such as very low vapor
pressure, good thermal stability, facile design by assembling
diverse cations and anions, flexible functionalization through
introducing specific groups like hydroxyl, carboxyl, amino
and sulfonic acid groups [15]. Hence ILs were applied in
various fields such as separation, material preparation, elec-
trochemistry, biomass conversion and so on [16, 17]. In our
previous work, ILs were used as the adsorbents which
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exhibited superior performance [18–20]. This makes ILs-
modified MF aerogel an expected candidate of excellent ex-
traction materials.

Comparing to conventional solid-phase extraction and
liquid-liquid extraction, solid-phase microextraction (SPME)
is an excellent sample preparation technique with cost-effec-
tive, time-efficient and easily automated merits [21–26]. In-
tube solid-phase microextraction (IT-SPME) can accomplish
the convenient automation both extraction and analysis via
connecting to high performance liquid chromatography
(HPLC). It overcomes common problems of fiber SPME, in-
cluding the fragility, low sorption capacity, bending issues and
short lifetime. A number of adsorbent materials were applied
in IT-SPME towards various targets in aqueous solutions. The
fused-silica tube coated with oxidized multiwalled carbon
nanotube was inserted in a polyetheretherketone (PEEK) tube
to detect substituted aniline compounds [27]. An organically
modified silica aerogel coating was applied to the analysis of
estrogens in sewage sample [28]. The electrochemically mod-
ified carbon fibers (CFs) with conducting poly(3,4-
ethylenedioxythiophene)selectively extracted sulfonamides
[29]. Therefore, one of the most important aspects is to ex-
plore the efficient coatings for IT-SPME.

The study described CFs which was in situ deposited with
IL and MF aerogel complex. It was placed into an PEEK tube
as the extraction material for IT-SPME. The selectivity and
stability of extraction tube were investigated. Five estrogens
were selected as the targets, the analytical method was
established after optimizing the extraction conditions. The
method was applied to the analysis of several estrogens in real
samples.

Experimental

Materials and reagents

See Electronic Supporting Material.

Apparatus

An P102 HPLC pump from Dalian Elite Analytical
Instruments Co., Ltd. (Dalian, China, http://dlwiling164.de.
b2b168.com) was used as the sampling pump. An Agilent
1260 HPLC system (Agilent Technologies, USA, https://
www.agilent.com) equipped with a 20 μL sample loop, an
Zorbax C18 column (250 × 4.6 mm i.d., 5 μm) and a diode
array detector (DAD) were used. Extraction material was
characterized by a field-emission scanning electron microsco-
py (SEM, SUPRATM55, Carl Zeiss, AG, Germany, https://
www.zeiss.com) with an energy-dispersive X-ray spectrome-
ter (EDS, Oxford INCAX-Act, England, https://www.oxford-
instruments.cn). 1H NMR data were obtained using a Bruker

Avance DRX600 spectrometer (Bruker BioSpin AG,
Fallanden, Switzerland, www.bruker-biospin.com) with
DMSO as solvent.

Preparation of extraction tube

A bundle of carbon fibers (45 cm length) were ultrasonically
washed with water and ethanol for 15 min successively. 1-
Bromododecane and 1-(3-aminopropyl)imidazole (molar ra-
tio 1:1) were dissolved to 50 mL ethanol, and the mass per-
centage of 1-bromododecane was 20%. Then the reaction so-
lution was heated under 80 °C for 36 h. After removing eth-
anol and washing product with ether, 1-dodecyl-3-(3-
aminopropyl)imidazolium bromide IL was obtained. 1-
Dodecyl-3-(3-aminopropyl)imidazolium bromide (0.3 g)
was added into ultrapure water (20 mL), and moved to a water
bath (75 °C) till dissolved. Simultaneously, melamine (1.0 g)
and sodium carbonate (0.01 g) were also dissolved into ultra-
pure water (20 mL), and the solution was placed in a water
bath (75 °C) for 30 min. Then the bundle of CFs (400 mg)
were immersed into the mixture of above two solutions.
Formaldehyde (5 mL) was added into the reaction solution
drop by drop under stirring. The pH value of the solution
was immediately controlled to 1.5 by adding hydrochloric
acid. After 30 min, the reaction solution was heated under
90 °C until to get a wet gel. To replace the solvent in the wet
gel, it was immersed into ethanol and acetone for 6 h and three
times in turn. The IL-modified MF aerogel was in-situ pro-
duced on CFs after a freeze-drying treatment. Finally, a bundle
of aerogel-coated CFs (98 mg) were packed into a
polyetheretherketone tube (30 cm) to obtain the extraction
tube.

Online extraction and analysis procedure

As shown in Fig. S1, extraction tube was connected to the
HPLC. The extraction and desorption processes are achieved
by converting the six-port valve. Under the load state (Fig.
S1a), sample solution is transferred in the extraction tube by
the pump, and the targets are enriched onto the extraction
material. After extraction process, the six-port valve is con-
verted to injection state (Fig. S1b), the mobile phase flows
through the extraction tube and the targets are desorbed into
the column and detector for separation and detection.

Chromatographic conditions

All chromatographic tests were performed with 1 mLmin−1 of
mobile phase under 25 °C of column temperature. Estrogens
were eluted by acetonitrile-water (50:50, v/v) and detected
under 202 nm. Ultraviolet filters were eluted by acetonitrile-
water (60:40, v/v) and detected under 290 nm for 2,4-
dihydroxybenzophenone and phenyl salicylate and under
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245 nm for 2-hydroxy-4-methoxybenzophenone.. Methanol-
water (80:20, v/v) was used for the separation of anilines, and
the detection wavelength was 254 nm. The runtime of these
three types of analytes was 14 min. Phthalates were separated
by a gradient methanol-water eluent, in which methanol was
maintained as 75% (v/v) during 0–5 min and then gradually
increased to 100% (v/v) from 5 to 18 min. Phthalates were
detected under 210 nm with 22 min runtime.

Sample preparation

A standard stock solution of estrogens were prepared with a
concentration of 10 mg L−1 in methanol solvent and stored at
4 °C untill use. Working solution was prepared daily by dilut-
ing the stock solution with ultrapure water to 5 μg L−1.
Ultrapure water (1 L) was poured into a new plastic bottle
and heat under 100 °C for 2 h to obtain a real sample (water
in plastic bottle). Tap water was collected from our lab.
Surface water was taken from a local river. Before the detec-
tion, all samples were filtrated with 0.45 μm membrane.

Results and discussion

Characterization of the extraction coating

The SEM images in Fig. 1a, b show relatively smooth surface
on bare CFs. After the functionalization (Fig. 1c), it is obvious
that CFs have been successfully coated by a rough aerogel
coating. As can be seen from Fig. 1d, the open-pore-rich struc-
ture that is beneficial to increase mass transfer and adsorption
sites will improve the extraction efficiency. According to the

EDS spectrum of the coating, C, N, O and Br signals are found
in Fig. S2, indicating IL has successfully beenmodified inMF
aerogel. 1-Dodecyl-3-(3-aminopropyl)imidazolium bromide
IL is confirmed through the 1H NMR spectrum, specific sig-
nals including δ 9.36 (s, 1H), 7.65–7.90 (d, 1H), 6.93–7.22 (d,
1H), 4.05–4.35 (t, 4H), 2.78–2.95 (m, 2H), 2.65–2.75 (m,
2H), 1.92–2.25 (m, 2H), 1.55–1.81 (t, 2H), 1.25–1.28 (m,
18H), 0.85–0.87 (t, 3H) can be observed.

Extraction selectivity and stability

Different types of targets including estrogens, ultraviolet fil-
ters, anilines and phthalates were tested to study the selectivity
of extraction coating. The concentration of estrogens, ultravi-
olet filters, anilines was 5 μg L−1, while phthalates was
10μg L−1. The peak areas of estrogens are significantly higher
than that of others in Fig. S3. In addition, the enrichment
factors (EFs) were calculated to be in the range of 1028–
1265 for estrogens, 56–101 for ultraviolet filters, and 9–516
for phthalates. No aniline was extracted. According to these
results, the coating exhibited better extraction performance
towards estrogens. The extraction mechanism between estro-
gens and the coating may attribute to π-π, hydrogen-bonding
and hydrophobic interactions.

The durability of the extraction tube was also evaluated.
After 120 cycles, the loss of peak areas of all analytes on the
tube was in the range of 7%–19%. In fact, one tube can be
recycled more than 150 times stably. To explore the chemical
stability of the extraction tube, 200 mL of ethanol, acid (pH =
4.0), basic (pH = 9.0) and KCl (20.0%, w/v) solutions were
sequentially flowed through the tube. After each treatment,
the tube was investigated for three times under the same

Fig. 1 The SEM images of
extraction material. a Bare CFs,
Mag. 1.50 KX, b bare CFs, Mag.
20.00 KX, c IL modified MF
aerogel coating, Mag. 1.50 KX
and d IL-modified MF aerogel
coating, Mag. 30.00 KX
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conditions, and there was no significant change between peak
areas. The relative standard deviations (RSDs) of all peak
areas of each analyte during these tests were lower than
5.6%. Results above indicate that the extraction tube can pro-
vide both satisfactory durability and great chemical stability.

Extraction conditions investigation

The extraction performance is greatly affected by the extrac-
tion volume, so different extraction volumes (30, 35, 40, 45,
50, 55 and 60 mL) were investigated primarily in this study.
The peak areas of all the targets, shown in Fig. 2a, increase as
extraction volume increases from 30 to 60 mL, and the ad-
sorption saturation is not approached. These indicates the re-
markable extraction capacity of aerogel coating towards estro-
gens. Considering large extraction volume is generally a neg-
ative factor for rapid analysis [30], hence 45 mL was selected
to achieve reasonable extraction efficiency.

In order to get a rapid test, a high sampling rate is desirable.
As shown in Fig. 2b, the effect of sampling rate is investigated
in the range of 0.75–2.00 mL min−1. The response for
bisphenol A changes little, while other four targets increase
as the sampling rate raises till 1.50 mL min−1. In this case,
1.50 mL min−1 was considered as the optimum rate for all
targets.

The distribution coefficient of target between coating and
aqueous sample is influenced by the concentration of organic
solvent in sample, thereby affecting extraction efficiency. As
shown in Fig. 2c, the concentration of methanol is examined
in range of 0–5% (v/v). The peak areas of all targets show a
decreasing trend with increase of methanol in sample, except
for the estrone with a largest peak area at 4% of methanol.
More adsorption sites will be released during the peak areas of
other species are decreased, the possible reason about the in-
crease of estrone may be a competitive adsorption of estrone
with other species. Taking most targets into account, methanol
was not added in subsequent experiments.

The pH value has an influence on the presence status of
ionic components. As can be seen from Fig. 2d, the peak areas
of the five estrogens increase along with the change of pH
from 4 to 7, and all peak areas decrease when pH value be-
yonds 7. According to pKa values of bisphenol A, 17α-
ethylestradiol, estrone, diethylstillbestrol and hexestrol corre-
sponding to 9.59, 10.76, 10.34, 10.20, 10.10, the ionization at
pH > 8 was increased. This proves that IL-modified MF
aerogel coating possesses favorable enrichment ability to-
wards neutral molecules. Therefore, the pH value of sample
was controlled to 7 to achieve high extraction efficiency.

Desorption time has an effect on the amount of analytes
desorbed from extraction material, it should be as short as
possible while carryover effect must be also considered.
When the desorption time was regulated from 0.2 to
2.0 min, the influence was investigated. The obvious

improvement in peak areas of all estrogens can be seen with
an increasing time (0.2–0.6 min) in Fig. 2e. There is no sig-
nificant change as the desorption time is more than 0.6 min,
indicating that 0.6 min is enough for desorbing the estrogens
from extraction coating. The residue under different desorp-
tion time was also investigated. Similarly, the residual amount
was gradually reduced along with the increasing of desorption
time, and then remained unchanged more than 0.6 min. And
the residue is in the range of 0.2%–0.7%. So, the desorption
process was completed in 0.6 min.

Analytical performance and analysis of real samples

The analytical performance of this method was examined
using the targets under the optimum conditions. Low-
concentration solutions were prepared and tested to achieve
limits of detection (LODs) at S/N = 3 (signal-to-noise ratio).
As listed in Table 1, LODs of the method are ranged between
0.05 and 0.20 μg L−1. All estrogens possess believable and
wide linear ranges like as 0.15–20 μg L−1 for bisphenol A,
0.36–35 μg L−1 for 17α-ethylestradiol, 0.30–20 μg L−1 for
estrone, 0.60–25 μg L−1 for diethylstillbestrol, 0.24–
20 μg L−1 for hexestrol. Correlation coefficients (r) within
0.9984–0.9993 were obtained. The extraction repeatability
and preparation repeatability were evaluated. RSDs of single
extraction tube for seven replicate extractions ranged from
0.3%–2.5% (n = 7). The preparation repeatability of three par-
allel fabricated tubes presented RSDs in the range of 6.9%–
10.5%. These results proved the satisfactory extraction repeat-
ability and reproducibility of extraction material. In addition,
IL-modified MF aerogel and MF aerogel coating were com-
pared under the same conditions. As shown in Fig. S4, the
extraction ability of IL-modified MF aerogel is better thanMF
aerogel.

The applicability of this method was assessed by detecting
five estrogens from real samples including plastic bottle, tap
water and surface water in Fig. 3. As listed in Table 2,
bisphenol Awas detected in plastic bottle with a concentration
of 1.2 μg L−1. Others were not detected. No target was detect-
ed in tap water and surface water. The relative recoveries
spiked at different concentrations (3, 5 and 9 μg L−1) were
in the ranges of 80%–129%, 75%–118% and 80%–109% in
three real samples, respectively.

Comparison with other literature methods
for estrogens

The present method was compared with other sample
preparation methods for estrogen determination. Several
parameters including extraction material, LODs and ex-
traction time were summarized in Table 3. It can be seen
that the LODs and extraction time of this method are
lower or comparable than other methods [31–34] except
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Fig. 2 The effect of extraction conditions on extraction efficiency including a extraction volume, b sampling rate, c concentration of methanol, d pH
value of sample and e desorption time. Conditions: targets concentration, 5 μg L−1

Table 1 Analytical performances of the in-tube SPME-HPLC method for estrogens

Analytes LODs (μg L−1) Linear range (μg L−1) aCorrelation coefficients (r) Extraction repeatability
(n = 3, RSD%)

Preparation repeatability
(n = 3, RSD%)

Bisphenol A 0.05 0.15–20 0.9989 0.3 10.5

17α-Ethylestradiol 0.12 0.36–35 0.9993 1.2 8.9

Estrone 0.10 0.30–20 0.9984 0.8 9.7

Diethylstillbestrol 0.20 0.60–25 0.9993 2.5 6.9

Hexestrol 0.08 0.24–20 0.9990 1.5 8.2

a Calibration level: n = 9
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for SCSE-HPLC/DAD [35]. Although the sensitivity of
SCSE-HPLC/DAD is better than the method, it requires
very long extraction time (150 min) which reduces the
work efficiency. The method is online analytical method,
but a large sample volume is necessary. In addition, the
use of polymeric ionic liquids gives us some inspiration
that it can be tried to modify the aerogel for our next
work.

Conclusions

In this study, an IL-modified MF aerogel coating was synthe-
sized and used for the IT-SPME of estrogens. Combining the
dual advantages of ILs and aerogels, the IL-modified MF
aerogel coating shown obvious advantages including good
selectivity, considerable stability, great reusability and satis-
factory repeatability. Comparing with MF aerogel coating, it

Fig. 3 The chromatograms of real
samples including a water in
plastic bottle, b tap water and (3)
surface water, spiked at 3 μg L−1,
5 μg L−1 and 9 μg L−1.
Chromatographic peaks: (1)
bisphenol A, (2) 17α-
ethylestradiol, (3) estrone, (4)
diethylstillbestrol and (5)
hexestrol. Conditions: extraction
volume, 45 mL; sampling flow
rate, 1.5 mL min−1; methanol
content, 0; pH, 7; desorption time,
0.6 min

Table 2 Determination results and recoveries for five estrogens in real samples

Analytes Bisphenol A 17α-Ethylestradiol Estrone Diethylstillbestrol Hexestrol

Water in plastic bottle (μg L−1) 1.2 ND ND ND ND
aRecovery (n = 3, %) 129 ± 5.4 81 ± 2.3 80 ± 0.9 90 ± 2.6 98 ± 3.6
bRecovery (n = 3, %) 111 ± 3.0 114 ± 2.2 109 ± 1.2 81 ± 3.4 87 ± 4.5
cRecovery (n = 3, %) 114 ± 2.3 107 ± 4.2 109 ± 0.3 106 ± 3.2 96 ± 1.1

Tap water (μg L−1) ND ND ND ND ND
aRecovery (n = 3, %) 103 ± 3.2 88 ± 1.2 95 ± 2.2 75 ± 1.3 104 ± 4.2
bRecovery (n = 3, %) 92 ± 2.4 94 ± 1.3 85 ± 3.1 83 ± 1.2 95 ± 1.5
cRecovery (n = 3, %) 112 ± 1.1 118 ± 0.6 107 ± 0.8 86 ± 2.8 108 ± 3.3

Surface water (μg L−1) ND ND ND ND ND
aRecovery (n = 3, %) 96 ± 0.5 85 ± 3.5 98 ± 3.1 80 ± 1.7 103 ± 2.4
bRecovery (n = 3, %) 109 ± 1.4 90 ± 2.4 87 ± 2.6 99 ± 3.1 89 ± 1.1
cRecovery (n = 3, %) 108 ± 2.1 88 ± 0.6 97 ± 3.3 109 ± 2.1 96 ± 3.6

ND not detected, NQ not quantified
a Standard addition level at 3 μg L−1

b Standard addition level at 5 μg L−1

c Standard addition level at 9 μg L−1
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exhibited higher extraction efficiency. The established method
showed large linear ranges and low LODs. Aerogel materials
are rarely reported in terms of SPME, it has great prospect in
sample preparation.
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