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A B S T R A C T

In this work, the magnetic amino-functionalized microporous organic network composites (Fe3O4@MON-NH2)
were rational designed and facile synthesized for magnetic solid phase extraction (MSPE) of endocrine disrupting
chemicals (EDCs), followed by their analysis with high-performance liquid chromatography. The incorporation
of amino groups (hydrogen bonding sites) into hydrophobic MON-NH2 networks led to their good enrichment for
four typical EDCs bisphenol A (BPA), 4-alpha-cumylphenol (4-α-CP), 4-tert-octylphenol (4-t-OP) and 4-non-
ylphenol (4-NP) relying on the pre-designed hydrogen bonding, π-π and hydrophobic interactions. The com-
bination of MON-NH2 shell and magnetic Fe3O4 core provided a fast extraction of BPA, 4-α-CP, 4-t-OP and 4-NP
from matrix solution. Under the optimal conditions, the developed method offered good linearity (R2 > 0.990)
in the range of 0.05–1000 μg L−1, low limits of detection (S/N=3) of 0.015–0.030 μg L−1 and large enrichment
factors of 172–197 for the studied EDCs. The maximum adsorption capacities of BPA, 4-α-CP, 4-t-OP and 4-NP
were 124.1, 105.6, 116.6 and 117.9 mg g−1, respectively. The Fe3O4@MON-NH2 gave larger selectivity for other
polar phenols than non-polar polycyclic aromatic hydrocarbons, revealing the dominant role of hydrogen
bonding interaction during the extraction and the potential of Fe3O4@MON-NH2 for other polar phenols. The
developed method was successfully applied for the analysis of EDCs in water, orange juice and beverage bottle
samples with the recoveries of 80.3–109.5%. These results revealed the potential of functional MONs as efficient
adsorbents in sample pretreatment.

1. Introduction

Endocrine disrupting chemicals (EDCs) are artificial chemicals that
can cause endocrine system disorder and reproductive health damage
[1,2]. Due to their widely distributing in the environment and the po-
tential health problems [3–5], EDCs have received great concerns re-
cently. Bisphenol A (BPA), 4-alpha-cumylphenol (4-α-CP), 4-tert-octyl-
phenol (4-t-OP) and 4-nonylphenol (4-NP) are the four most typical
phenolic EDCs. BPA is one of the highest-yield chemicals in the world
(about 5–6 billion pounds per year) [6]. 4-CP is commonly used as
stabilizers in the production of oils, polymers and rubber [7]. 4-t-OP
and 4-NP are widely used as nonionic surfactants in many industries
[8]. These phenolic EDCs are also the main industrial raw materials for
the production of polycarbonates (PCs), which are widely used in the
manufacture of baby bottles, plastic tableware, medical equipment and

milk tanks [9]. Even if there are low levels of EDCs in the environment,
they will pose a great threat to human health through direct contact and
gradual accumulation [6–8]. Therefore, many provisions have been
made for the concentration of these EDCs in terms of drinking water
and food. The concentration of BPA should not be exceed 10.0 μg L−1 in
drinking water according to the Chinese standard and the concentration
of 4-NP is limited to 6.6 μg L−1 in drinking water according to US EPA
[9]. So, it is essential to accurately monitor the EDCs’ levels in en-
vironment.

However, direct detection of EDCs in environmental samples is
usually difficult due to the complex matrix interference and low con-
centration of EDCs [10]. Proper sample pretreatment strategies are
required before the quantitative analysis of EDCs. Many sample pre-
treatment techniques such as solid phase extraction (SPE)
[1,2,9,11–13], liquid phase extraction (LPE) [8] and liquid-liquid

https://doi.org/10.1016/j.talanta.2019.120179
Received 11 April 2019; Received in revised form 7 July 2019; Accepted 24 July 2019

* Corresponding author.
E-mail address: cxyang@nankai.edu.cn (C.-X. Yang).

Talanta 206 (2020) 120179

Available online 24 July 2019
0039-9140/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2019.120179
https://doi.org/10.1016/j.talanta.2019.120179
mailto:cxyang@nankai.edu.cn
https://doi.org/10.1016/j.talanta.2019.120179
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2019.120179&domain=pdf


extraction (LLE) [14] have been explored for the pretreatment of EDCs.
SPE is the most widely used pretreatment technique for EDCs because of
the simple operation and less organic solvents consumption [15–23].
The adsorbent is the core of SPE. Development of highly efficient and
selective adsorbents is quite important and challenging in SPE. Until
now, many kinds of adsorbents including MCM-48 [18], MIPs-E1 [19],
fBC [20], SBA-15-C18-CO [21], bamboo charcoal [22] and metal-or-
ganic framework MIL-101 [23] have been explored for SPE of EDCs.

Cumbersome centrifugation and separation steps are still required
during the SPE procedure. Magnetic nanoparticle-based magnetic se-
paration has drawn great attention due to its rapid separation from the
matrix, good reusability and low cost [6,24]. Magnetic SPE (MSPE)
[1,2,9,25–33], a sub-class of SPE, has been quickly developed for
sample pretreatment in diverse domains. To date, magnetic adsorbents
such as Fe3O4@COF (TpBD) [1], Fe3O4/rGO [2], Fe@MgAl-LDH [9],
Fe3O4@SiO2-MIP [25], molecularly imprinted polymers [27–30] and
Fe3O4-mPMF [33] have been studied for the MSPE of EDCs.

Benzene rings, –OH groups and hydrophobic alkyl chains are in-
volved in BPA, 4-α-CP, 4-t-OP, 4-NP and many other EDCs' structures.
Hydrogen bonding, π-π and hydrophobic interactions are the main
adsorption mechanisms for EDCs [34,35]. Microporous organic net-
works (MONs) are a novel class of microporous materials with the
merits of large surface area, good thermal and solvent stabilities, and
easy engineering on other matrixes. Until now, MONs and MONs'
composites such as MIL-101@MON [11], Co@C [36], UiO-66@MON
[37], and MON [38–40] have been used as the efficient adsorbents for
the adsorption and extraction of harmful pollutants in diverse matrixes.
The hydrophobic MONs may be potential in SPE of EDCs with aromatic
benzene rings and hydrophobic alkyl chains. In addition, integration of
hydrogen bonding sites within aromatic and hydrophobic MONs’ net-
works may largely promote their extraction performance for EDCs.

To this end, here we report the facile synthesis of magnetic amino-
functionalized MON composites (Fe3O4@MON-NH2) for efficient MSPE
followed by high-performance liquid chromatography (HPLC) de-
termination of four typical EDCs in water, beverage bottle and juice
samples. The MON-NH2 shell provides the hydrogen bonding, π-π and
hydrophobic interaction sites for the selected four EDCs. The magnetic
Fe3O4 core ensures the rapid separation from aqueous solution under
external magnetic field. The experimental parameters such as ad-
sorbents dosage, pH, extraction time, ionic strength, desorption solvent
and volume that affecting the MSPE of EDCs were optimized in detail.
The developed method gave good linearity, low limits of detection and
large enrichment factors for the studied EDCs. Determination of EDCs in
water, beverage bottle and orange juice samples were also realized.
These results revealed the potential of functional MONs as efficient
adsorbents in sample pretreatment.

2. Experimental

2.1. Reagents and materials

All reagents were at least of analytical grade. Ethylene glycol (EG),
FeCl3·6H2O, Poly (4-styrenesulfonic acid-co-maleic acid) sodium salt
(PSSMA 3:1, Mw 20000), 2,5-dibromobenzenamine, 1,4-diiodo-
benzene, copper (I) iodide, 3-nitrophenol (3-NP), p-chlorophenol (p-
CP), 2,6-dichlorophenol (2,6-DCP), 2,3-dichlorophenol (2,3-DCP),
naphthalene (Nap), acenaphthene (Ace), fluoranthene (FluA), pyrene
(Pyr), and triethylamine were purchased from Aladdin Chemistry Co.,
Ltd. (Shanghai, China). Tetrakis (4-ethynylphenyl) methane was bought
from Chengdu Tongchuangyuan Pharmaceutical Technology Co.
(Chengdu, China). Toluene was obtained from Chemical Reagent Sixth
Factory (Tianjin, China). Bisphenol A (BPA), 4-alpha-Cumylphenol (4-
α-CP), 4-tert-octylphenol (4-t-OP), 4-nonylphenol (4-NP) and bis(tri-
phenylphosphine)palladium (II) chloride were purchased from TCI
Chemical Industry Development Co. (Shanghai, China). Ultrapure water
was supplied by Wahaha Foods Co. Ltd. (Tianjin, China). Methanol

(HPLC grade), ethanol, isopropanol, acetonitrile and dichloromethane
were obtained from Concord Technology (Tianjin, China).

2.2. Instrumentation

The chromatographic system consisted of a Waters 510 pump and a
486 tunable UV detector. The EDCs were separated on a Baseline C18
column (4.6mm i.d.× 25 cm long, Tianjin, China) at a flow rate of
1.0 mLmin−1 using methanol: water (v/v, 9/1) as the mobile phase.
The UV detector was set at 227 nm. The X-ray diffraction spectrometry
(XRD) patterns were recorded on a D/max-2500 diffractometer
(Rigaku, Japan) from 3° to 80°. The magnetic hysteresis loops were
studied on a LDJ 9600-1 vibrating sample magnetometer (VSM) (LDJ
Electronics Inc Troy, MI, USA) at room temperature by cycling the field
from−10 to 10 kOe. Thermogravimetric analysis (TGA) was performed
on a PTC-10A thermal gravimetric analyzer (Rigaku, Japan) from room
temperature to 700 °C. The transmission electron microscopy (TEM)
image was recorded on Tecnai G2 F20 (Philips, Holland) at 200 kV. The
N2 adsorption-desorption experiments were recorded on a NOVA 2000e
surface area and pore size analyzer (Quantachrome, USA) at 77 K.

2.3. Synthesis of Fe3O4@MON-NH2

The magnetic Fe3O4 nanospheres were prepared according to the
previous reported solvothermal method [35]. Briefly, 10mL EG solu-
tion of 0.81 g FeCl3·6H2O and 1.8 g of sodium acetate were mixed with
10mL EG solution of 0.7 g PSSMA. The mixture was then transferred
into a Teflon stainless steel autoclave and stayed at 200 °C for 10 h.
After cooling to room temperature, the dark product was separated by a
magnet, washed with water and ethanol, and then dried under vacuum
overnight.

The facile synthesis of Fe3O4@MON-NH2 was depicted in Fig. 1a.
Fe3O4 nanospheres (0.10 g), Pd(PPh3)2Cl2 (1.7mg, 2.4 μmol) and CuI
(0.50mg, 2.6 μmol) were dispersed with triethylamine (7.5mL) and
toluene (7.5 mL) in a 100mL three-necked flask. The mixture was so-
nicated for 30min and mechanically stirred at a stirring rate of 500 rpm
under 90 °C for 30min. Tetrakis (4-ethynylphenyl) methane (25.0 mg,
0.06mmol) and 2,5-dibromobenzenamine (30.1mg, 0.12mmol) were
then added. The mixture was mechanically stirred at 90 °C for 5 h. After
cooling to room temperature, the obtained Fe3O4@MON-NH2 was se-
parated by a magnet, washed three times with dichloromethane and
methanol, and dried under vacuum overnight. Fe3O4@MON was pre-
pared under the same conditions by changing 2,5-dibromobenzenamine
to 1,4-diiodobenzene.

2.4. Sample preparation

The stock solutions of BPA, 4-α-CP, 4-t-OP and 4-NP (1mgmL−1 for
each) were prepared with methanol and stored at 4 °C in the dark [41].
The working solution was prepared from the stock solution by stepwise
dilution with ultrapure water and small amount of methanol. The
content of methanol was gradually reduced during the dilution process.
The volume portion of methanol in any working solution was kept less
than 1% [41].

The river and lake water samples were collected from local XinKai
Lake (Tianjin, China) and Weijin River (Tianjin, China). The water
samples were filtered with 0.22 μm Millipore cellulose membrane im-
mediately after sampling. The orange juice samples (Meinianda,
PepsiCo) were purchased from local supermarket (Tianjin, China). The
orange juice samples were filtered with 0.22 μm Millipore cellulose
membrane before use [42]. The beverage bottle water extract was
prepared as follows. The used beverage bottle (Wahaha) was filled with
boiling water and then stayed overnight to get beverage bottle water
extract sample. The water sample was filtered with 0.22 μm Millipore
cellulose membrane before use.
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2.5. MSPE procedures

The MSPE procedures were depicted in Fig. 1b. Typically, 4 mg of
Fe3O4@MON-NH2 was mixed with 20mL of sample solution. The
mixture was shaken (200 rpm) for 40min in a water bath at 25 °C to
extract the target EDCs. Then, the Fe3O4@MON-NH2 was collected with
a magnet and the supernatant was completely discarded. The adsorbed
EDCs were desorbed from the Fe3O4@MON-NH2 with 0.4 mL of me-
thanol (0.2 mL×2) under ultrasonication for 20 s. The eluent was
concentrated to 0.1mL under N2 flow and then sampled for HPLC
analysis.

3. Results and discussion

3.1. Characterization of Fe3O4@MON-NH2

The synthesized Fe3O4@MON-NH2 was characterized with TEM,
XRD, N2 adsorption-desorption experiments, TGA and magnetization
curves (Fig. 2). The TEM images of Fe3O4 and Fe3O4@MON-NH2 were
shown in Fig. 2a–b. The results revealed the core-shell structure of
Fe3O4@MON-NH2. The uniform MON-NH2 shell with a thickness of
about 40 nm was well coated on Fe3O4 core (Fig. 2b). The XRD pattern
of Fe3O4@MON-NH2 exhibited the characteristic face-centered cubic
peaks of Fe3O4 in the range of 20–70° (Fig. 2c), suggesting the suc-
cessful synthesis of Fe3O4@MON-NH2 [35]. The Brunauer-Emmett-
Teller (BET) surface area of Fe3O4@MON-NH2 was 370.6m2 g−1

(Fig. 2d). The appearance of the characteristic peaks at 589 cm−1 for
Fe–O, and 1494 cm−1 for C–N in the FT-IR spectra of Fe3O4@MON-NH2

revealed the successful formation of MON-NH2 shell on Fe3O4 (Fig. S1)
[27,43]. The TGA curve showed the synthesized Fe3O4@MON-NH2 was

stable up to 300 °C (Fig. 2e). The Ms values of Fe3O4 and Fe3O4@MON-
NH2 were 70 and 48 emu g−1, respectively (Fig. 2f). There were no
apparent hysteresis, remanence and coercivity in the hysteresis loops of
Fe3O4 and Fe3O4@MON-NH2. The large Ms value of Fe3O4@MON-NH2

made it convenient for magnetic separation.

3.2. Effect of Fe3O4@MON-NH2 dosage

Effect of Fe3O4@MON-NH2 dosage on the extraction efficiency of
BPA, 4-α-CP, 4-t-OP and 4-NP was studied (Fig. 3a). The peak areas
increased with the increasing amount of Fe3O4@MON-NH2 from 1 to
4mg, and then leveled off or even decreased slightly as the amount of
Fe3O4@MON-NH2 was larger than 4mg. The decrease of the extraction
efficiency may be due to the fact that some of the EDCs on Fe3O4@
MON-NH2 had not been fully desorbed [8]. Therefore, 4 mg of Fe3O4@
MON-NH2 was selected in subsequent experiments.

3.3. Effect of pH

The pH of the solution was an important factor affecting the MSPE
efficiency. The pH would influence the dissociation of phenolic EDCs in
aqueous solution and then further affect the extraction efficiency of
phenolic EDCs on adsorbents [8]. Therefore, effect of pH on MSPE of
BPA, 4-α-CP, 4-t-OP and 4-NP on Fe3O4@MON-NH2 was investigated in
the pH range of 4–10 (Fig. 3b). The results showed that the peak areas
of BPA, 4-α-CP, 4-t-OP and 4-NP changed little in the pH range of 4–8,
suggesting the stable extraction efficiency of Fe3O4@MON-NH2 for
EDCs in neutral and weakly acidic environments. However, the peak
areas of BPA, 4-α-CP, 4-t-OP and 4-NP decreased as the pH values in-
creased from 9 to 10, showing the alkaline condition was not favorable

Fig. 1. Illustration of (a) the synthesis of Fe3O4@MON-NH2 and (b) their application in MSPE of EDCs.

Z.-D. Du, et al. Talanta 206 (2020) 120179

3



for MSPE of these EDCs on Fe3O4@MON-NH2. The pKa values of these
phenolic EDCs were about 10 [8]. When pH=9, the phenolic hydroxyl
groups on EDCs started to dissociate, leading to the decrease of the
hydrogen bonding interaction between EDCs and Fe3O4@MON-NH2.
Thus, decrease of the extraction efficiency of EDCs on Fe3O4@MON-
NH2. Considering that the pH values of the water samples investigated
in this study were neutral or acidic, the pH of sample solution in this
work was not adjusted.

3.4. Effect of extraction time

Effect of extraction time on the extraction efficiency of BPA, 4-α-CP,
4-t-OP and 4-NP on Fe3O4@MON-NH2 was then evaluated (Fig. 3c). The
peak areas of BPA, 4-α-CP, 4-t-OP and 4-NP increased as the extraction
time increased from 10 to 40min. Further increase of the extraction
time to 50min led to no significant increase of peak areas for the stu-
died EDCs, suggesting that the extraction equilibrium was achieved
within 40min. Therefore, 40min was chosen as the extraction time.

3.5. Effect of ionic strength

Effect of ionic strength on MSPE of BPA, 4-α-CP, 4-t-OP and 4-NP on

Fe3O4@MON-NH2 was further studied in the NaCl concentration range
of 0–100mM (Fig. 3d). The peak areas of BPA, 4-α-CP, 4-t-OP and 4-NP
changed little as the concentration of NaCl increased from 0 to 100mM,
showing the good anti-interference property of Fe3O4@MON-NH2. In
general, increase of the NaCl concentration may lead to the decrease of
the EDCs’ solubility in aqueous phase, which was favorable for their
transformation or extraction on Fe3O4@MON-NH2 [41]. However, the
added NaCl could also increase the matrix effect and solution viscosity
and then decrease the diffusion rate, which was negative for their
transformation or extraction on Fe3O4@MON-NH2. Therefore, no NaCl
was added in subsequent experiments.

3.6. Effects of desorption solvent and volume

Methanol, acetonitrile and isopropanol were chosen as the deso-
rption solvents to desorb the adsorbed BPA, 4-α-CP, 4-t-OP and 4-NP
from Fe3O4@MON-NH2 (Fig. 3e). The methanol gave the best deso-
rption efficiency to the studied EDCs. Effect of methanol volume on the
desorption of BPA, 4-α-CP, 4-t-OP and 4-NP from Fe3O4@MON-NH2

was further studied (Fig. 3f). The results showed that 0.4mL of me-
thanol (0.2 mL×2) was sufficient to desorb the adsorbed EDCs from
Fe3O4@MON-NH2.

Fig. 2. TEM images of (a) Fe3O4 and (b) Fe3O4@MON-NH2; (c) XRD patterns, (d) N2 adsorption-desorption isotherms and (e) TGA curves of MON-NH2, Fe3O4 and
Fe3O4@MON-NH2; (f) magnetization curves of Fe3O4 and Fe3O4@MON-NH2.
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3.7. Method validation

The figures of merits for the MSPE using Fe3O4@MON-NH2 as the
sorbent for HPLC determination of EDCs were summarized in Table 1.
The linear range of proposed method for the determination of BPA, 4-α-
CP, 4-t-OP and 4-NP were 0.05–200, 0.05–200, 0.10–400 and
0.10–1000 μg L−1, respectively. The precisions (RSDs, %) for intra-day
(n=5) and inter-day (n=4) were 1.2–6.1% and 3.2–8.7%, respec-
tively. A series of standard EDCs solutions (0.01–1000 μg L−1) were
prepared to determine the limits of detection (LOD) and limits of

quantification (LOQ) of the proposed method [44]. The LODs of EDCs
were determined by reducing the EDCs’ concentration until levels were
reached based on signal-to-noise ratio (S/N) of 3. The LOQs were de-
termined at a signal-to-noise ratio of 10. The lowest concentration on
the calibration curve should be accepted as LOQ [44]. The LODs and
LOQs for the studied EDCs were 0.015–0.030 μg L−1 and
0.050–0.100 μg L−1, respectively. The enhancement factors (EFs) were
defined as the ratio of the sensitivity (peak area) of an analyte after
extraction to that before extraction [41]. The Fe3O4@MON-NH2 gave
large EFs of 197, 172, 196 and 192 for BPA, 4-α-CP, 4-t-OP and 4-NP,

Fig. 3. Effects of (a) Fe3O4@MON-NH2 dosage, (b) pH, (c) extraction time, (d) ionic strength, (e) desorption solvent and (f) methanol volume on the MSPE of EDCs on
Fe3O4@MON-NH2. The concentrations of spiked BPA, 4-α-CP, 4-t-OP and 4-NP are 50, 50, 100 and 250 μg L−1, respectively. Error bars show the standard deviations
for three replicate extractions.
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respectively (Table 2). The maximum adsorption capacity of BPA, 4-α-
CP, 4-t-OP and 4-NP were 124.1, 105.6, 116.6 and 117.9mg g−1, re-
spectively (Fig. S2, Table S1). Furthermore, the peak areas of BPA, 4-α-
CP, 4-t-OP and 4-NP decreased only 9.6%, 7.2%, 13.4% and 10.1% after
four adsorption-desorption cycles (Fig. 4a), indicating the good reusa-
bility of Fe3O4@MON-NH2 for EDCs. Compared with other reported
methods [1,2,9,22,25,45,46], the developed MSPE-HPLC method gave
wider linear range, lower LODs and less adsorbent consumption
(Table 3). The less adsorbent dosage, good reusability and extraction
efficiency made Fe3O4@MON-NH2 low-cost and potential in sample
pretreatment.

3.8. Adsorption mechanisms

To evaluate the adsorption mechanisms of Fe3O4@MON-NH2 for
EDCs, the MSPE of these EDCs on Fe3O4 and Fe3O4@MON were com-
pared (Fig. 4b). The bare Fe3O4 gave poor extraction for EDCs with the

EFs of 12–23 (Table 2), suggesting the MON-NH2 shell on Fe3O4@MON-
NH2 played key roles during the extraction. The Fe3O4@MON without
amino groups provided higher extraction efficiency and larger EFs
(125–138) than the bare Fe3O4 for EDCs, showing the π-π and hydro-
phobic interactions between EDCs and Fe3O4@MON were taken place
during the extraction. In addition, the Fe3O4@MON-NH2 showed higher
extraction efficiency and larger EFs (172–197) than those on Fe3O4@
MON for the studied EDCs, further demonstrating the significant roles
of hydrogen bonding interaction between the hydroxyl groups on EDCs
and amino groups on Fe3O4@MON-NH2.

The pKa values of BPA, 4-α-CP, 4-t-OP, and 4-NP were 9.5, 10.1,
10.3 and 10.7, respectively [8]. The BPA, 4-α-CP, 4-t-OP, and 4-NP
were exited as neutral or undissociated form in the pH range of 4–8
(pH < pKa), which were favorable to form hydrogen bonding
(N⋯H⋯O) interaction between –NH2 groups on Fe3O4@MON-NH2 and
–OH groups on EDCs [47]. However, the BPA, 4-α-CP, 4-t-OP, and 4-NP
were started to dissociate when the pH larger than 9. The dissociation
of the hydroxyl group would weaken the hydrogen bonding interaction
between Fe3O4@MON-NH2 and phenolic EDCs, thereby decreasing the
extraction efficiency. These results revealed that the hydrogen bonding,
π-π and hydrophobic interactions all played important roles for the
high efficiency extraction for the studied EDCs.

To further evaluate the extraction mechanisms and the selectivity of
Fe3O4@MON-NH2, the MSPE of non-polar polycyclic aromatic hydro-
carbons (PAHs) and polar phenols on Fe3O4@MON-NH2 was studied
(Table S2). The Fe3O4@MON-NH2 gave lower EFs to PAHs than phe-
nols, further revealing the dominant role of hydrogen bonding inter-
action during the MSPE. In addition, the EFs of the studied PAHs were
in the range of 100–115, showing the π-π and hydrophobic interactions
between PAHs and Fe3O4@MON-NH2 were also taken place during the
extraction. These results also showed the potential of Fe3O4@MON-NH2

for MSPE of the polar phenols.

Table 2
EFs values of the proposed MSPE method for EDCs using Fe3O4, Fe3O4@MON
and Fe3O4@MON-NH2 as the adsorbents.

EDCs EFs (means ± s, n=3)a

Fe3O4 Fe3O4@MON Fe3O4@MON-NH2

BPA 23 ± 1 138 ± 2 197 ± 3
4-α-CP 23 ± 1 125 ± 6 172 ± 3
4-t-OP 22 ± 1 132 ± 7 196 ± 6
4-NP 12 ± 2 135 ± 1 192 ± 7

a The concentration of spiked BPA, 4-α-CP, 4-t-OP and 4-NP are 10, 10, 20
and 50 μg L−1,respectively.

Fig. 4. (a) Reusability of Fe3O4@MON-NH2 for EDCs; (b) MSPE of EDCs on Fe3O4, Fe3O4@MON and Fe3O4@MON-NH2. The concentrations of spiked BPA, 4-α-CP, 4-
t-OP and 4-NP are 50, 50, 100 and 250 μg L−1, respectively.

Table 1
Parameters of the proposed MSPE method for the determination of EDCs.

EDCs Linear range (μg L−1) Calibration equationa R2 Precision (RSDs)b (%) LODs (μg L−1) LOQs (μg L−1)

Intra-day n=5 Inter-day n=4

BPA 0.050–200 y=2256.8x+369.9 0.999 1.2 3.2 0.015 0.050
4-α-CP 0.050–200 y=1857.2x+420.6 0.997 3.2 7.4 0.015 0.050
4-t-OP 0.100–400 y=1663.7x+412.0 0.991 4.4 5.2 0.030 0.100
4-NP 0.100–1000 y=903.5x+267.9 0.992 6.1 8.7 0.030 0.100

a y: peak area (μV S), x: concentration of EDCs (μg L−1).
b The concentration of spiked BPA, 4-α-CP, 4-t-OP and 4-NP are 10, 10, 20 and 50 μg L−1,respectively.
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3.9. Real sample analysis

To evaluate the practical applicability of the established MSPE
method, the determination of these EDCs in lake water, river water,
beverage bottle water extract and juice samples were performed (Fig. 5,
Table 4). Although there were complex matrices in these real samples
(Fig. 5), these matrices did not affect the detection of EDCs as their
retention times were different to the studied EDCs. The BPA with the
concentration of 0.3 μg L−1 was detected in beverage bottle water ex-
tract (Fig. 5d, Table 4). The recoveries of EDCs in three spiked levels are
in the range of 80.3%–109.5%. The concentrations of EDCs in the real
water sample after spiking (x values) were calculated via the calibration
equations in Table 1 as their peak areas (y values) could be obtained by
HPLC analysis. These results indicated the availability of the developed
MSPE-HPLC method for the determination of EDCs in real samples.

4. Conclusion

In summary, we have reported the design and synthesis of magnetic
Fe3O4@MON-NH2 composites for MSPE of BPA, 4-α-CP, 4-t-OP and 4-
NP in water and juice samples. Depending on the pre-designed hy-
drogen bonding, π-π and hydrophobic interaction sites in MON-NH2

shell and magnetic Fe3O4 core, the Fe3O4@MON-NH2 gave large ad-
sorption capacity and enrichment efficiency for the studied phenolic
EDCs with good linearity and precisions, less adsorbent consumption
and low LODs. The proposed method also showed lower LODs and less
adsorbent consumption than many other reported methods. These re-
sults reveal the feasibility and potential of functionalized MONs in
sample pretreatment. Although off-line MSPE could reduce the cum-
bersome centrifuging and separation steps during the SPE procedure,
the inherent disadvantages of off-line SPE may still hinder its further
application. On-line SPE should be an effective way to overcome the

Table 3
Comparison of the developed method with other methods for the determination of EDCs.

Adsorbents Extraction mode Analytes Dosage (mg) Analytical
technique

Linearity (μg
L−1)

Recovery (%) RSD (%) LODs (μg L−1) Ref

Bamboo charcoal SPE BPA, 4-t-OP, 4-NP HPLC-UV 2–100 79.5–104.3 3.0–5.6 0.17–0.37 [22]
C18 SPE BPA, 4-t-OP, 4-NP 500 HPLC-MS/MS 1–100 95.0–107.0 4.1–15.2 0.15–0.32 [45]
Fe3O4@TpBD MSPE BPA, 4-NP 10 HPLC-FLD 10–1000 90.4–101.6 1.7–6.3 2.30–4.00 [1]
Fe3O4/rGO MSPE 4-t-OP 100 GC-MS 2.5–100 96.3–112.6 2.8–6.5 1.23 [2]
Fe@MgAl-LDH MSPE BPA, 4-t-OP, 4-NP 50 HPLC-UV 0.5–200 96.0–96.3 1.2–2.3 0.24–0.34 [9]
Fe3O4@SiO2-MIP MSPE BPA 40 HPLC-UV 97.2–99.2 2.9–3.8 3.70 [25]
Gn-MNPs MSPE 4-NP 80 HPLC-VWD 0.1–500 93.0–101.1 1.2–2.5 0.017 [46]
Fe3O4@MON-NH2 MSPE BPA, 4-α-CP, 4-t-OP, 4-

NP
4 HPLC-UV 0.05–1000 81.0–107.4 1.2–6.1 0.015–0.030 This

work

Fig. 5. HPLC chromatograms of Fe3O4@MON-NH2 for MSPE-HPLC determination of EDCs in (a) river water, (b) lake water, (c) orange juice and (d) beverage bottle
water extract samples. The concentration of spiked EDCs is depicted in Table 4.
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above-mentioned disadvantages. Rational design and synthesis of
functional MONs for on-line SPE should be a prospect area in the
sample pretreatment.
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Table 4
Analytical results for the determination of EDCs in river water, lake water, juice
and beverage bottle samples (n=3).

EDCs Spiked
(μg L−1)

Recovery ± SD (%, n=3)

River water Lake water Juice Beverage bottle

BPA 0b nda nd nd 0.30 ± 0.04
10b 83.2 ± 1.6 86.3 ± 1.9 88.1 ± 1.0 81.7 ± 2.5
25b 83.0 ± 1.3 81.0 ± 0.3 81.7 ± 0.3 85.9 ± 3.1
50b 84.9 ± 0.7 81.2 ± 1.9 82.5 ± 0.9 88.0 ± 2.2

4-α-CP 0 nd nd nd nd
10 98.1 ± 4.7 94.0 ± 1.6 93.0 ± 5.6 85.3 ± 2.0
25 101.5 ± 3.5 81.7 ± 2.5 89.4 ± 0.2 87.4 ± 0.8
50 96.8 ± 1.5 82.2 ± 0.5 80.3 ± 0.3 90.9 ± 2.2

4-t-OP 0 nd nd nd nd
20 107.4 ± 2.7 95.7 ± 0.9 82.8 ± 1.1 95.4 ± 3.2
50 97.8 ± 2.6 83.5 ± 0.5 88.4 ± 1.2 81.9 ± 1.8
100 103.5 ± 1.5 90.2 ± 1.6 100.4 ± 1.1 100.1 ± 3.7

4-NP 0 nd nd nd nd
50 84.0 ± 2.8 98.1 ± 1.1 85.0 ± 1.6 85.5 ± 1.7
125 109.5 ± 0.5 93.2 ± 1.1 91.1 ± 4.8 87.4 ± 0.5
250 99.8 ± 1.2 96.8 ± 1.3 84.7 ± 0.4 83.7 ± 4.0

a Not detected.
b The concentration of spiked EDCs was corresponded to the 1, 2, 3, and 4 in

Fig. 5.
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