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A B S T R A C T

A novel unique adsorbent (Fe3O4@Co/Ni-LDH) has been successfully synthesized and applied for removal of
bisphenols (BPs) from aqueous solution. The prepared adsorbent was characterized to appear in a hierarchical
rattle-like structure, and possesses high specific surface area, abundant pore system, and magnetic properties.
Adsorption kinetics fitted well with the pseudo-second-order model. Adsorption isotherms abide by the
Langmuir model, and the maximum adsorption capacity for bisphenol A (BPA), F (BPF), AF (BPAF) and S (BPS)
on Fe3O4@Co/Ni-LDH at pH of 7.0 were 238.96, 177.09, 320.56 and 345.84mg/g, respectively. Moreover, it
was found that the high pH and NaCl concentration were not conducive to the removal of BPs. The humic acid
and real waters had no significant effects on the removal of BPs on Fe3O4@Co/Ni-LDH. Furthermore, the FT-IR
spectra indicated that the removal of four BPs were primarily Hydrogen bond interaction between BPs and
Fe3O4@Co/Ni-LDH. The Fe3O4@Co/Ni-LDH was regenerated effectively by methanol and can be repeatedly
used. This novel Fe3O4@Co/Ni-LDH can be applied as a promising adsorbent for removal of BPs from aqueous
matrices.
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1. Introduction

Endocrine disrupting compounds (EDCs) represent a large group of
chemicals, mainly including pharmaceuticals (e.g., diethylstilbestrol
and ethynylestradiol), natural hormones (e.g., plant estrogens) and
industrial chemicals (e.g., alkylphenols and bisphenol A (BPA)) (Jung
et al., 2013). It has been diffusely accepted that EDCs, even at very low
doses, can affect function and operation of the endocrine system of
human, leading to excessive or insufficient hormone levels (Skledar and
Masic, 2016). EDCs have been detected in almost all water environ-
ments (e.g., groundwater, surface water, runoff, and wastewater), re-
sulting in severe health problems to human beings, which have been
recognized as one of the typical class of emerging environmental con-
taminants (Bhatnagar and Anastopoulos, 2017). Therefore, removal of
EDCs from water is in great demand to alleviate their environmental
problems and health risks.

As a representative EDC, bisphenol A (BPA) is applied in production
of polysulfones, epoxy resins and polycarbonate plastics, which are
used in a wide variety of consumer products (e.g., dishwashing and
laundry detergents, shampoo, bar soaps and toilet bowl) (Dodson et al.,
2012). Therefore, BPA can be easily leaked into the environment from
its production and application processes (e.g., from wastewater dis-
charge, landfill leaching and discarded BPA-based materials) (Im and
Loffler, 2016). Besides interference in human thyroid function, BPA has
also been linked to many metabolic syndrome (e.g., insulin resistance,
hypertension, diabetes mellitus, and obesity), hypertension, and car-
diovascular diseases (Wang et al., 2015; Teppala et al., 2012; Han et al.,
2016). BPA metabolites (e.g., bisphenol A glucuronide and hydro-
xycumyl alcohol) also possess endocrine and estrogenic activities. They
can affect sexual maturation or synaptogenesis, disrupt chromosome
alignment and induce decrease in sperm count and fertility (Skledar
and Masic, 2016; Hunt et al., 2003; MacLusky et al., 2005). To reduce
these health risks, the US Environmental Protection Agency (US EPA)
estimated a reference tolerable daily intake of 50 μg of BPA/kg of body
weight/day (Gallart-Ayala et al., 2011). However, studies from dif-
ferent countries have shown that BPA exists in urine of more than 90%
of the investigated population, which indicates worldwide exposure of
humans to BPA (Wang et al., 2015). Several bisphenol analogues that
are structurally similar to BPA, such as bisphenol S (BPS), bisphenol F
(BPF), and bisphenol AF (BPAF), have been used as substitutes for BPA
in industrial production. However, they have been found having similar
hormonal toxicity to BPA (Cabaton et al., 2009; Okuda et al., 2011). As
a result, developing simple and effective methods for removal of bi-
sphenol analogues (BPs) from water is also of great significance to
environment and human health.

To date, many methods have been developed to remove BPs from
water, such as adsorption (Xu et al., 2012), advanced oxidation pro-
cesses (Sharma et al., 2015), membrane bioreactors (Yang et al., 2013),
photocatalytic degradation (Wang et al., 2011), and microbial de-
gradation (Xie et al., 2011). Among them, adsorption has always been
considered one of the most promising methods for removal of BPs in
water because of its low cost, high efficiency, and simple operation
(Dehghani et al., 2016). Various materials have been studied as ad-
sorbents for BPs, including activated carbons, clays, zeolites, chitosan,
oxide nanocrystals, molecularly imprinted polymers, graphene and
other conventional and non-conventional adsorbents (Bhatnagar and
Anastopoulos, 2017; Grassi et al., 2013). However, due to limitations of
adsorption capacity or stability, efforts should be made to obtain more
satisfying adsorbents for the removal of BPs from water.

Metal-organic frameworks (MOFs) are a class of emerging porous
materials which are coordinated by metal ions and organic ligands
(Furukawa et al., 2013). Due to their attractive advantages such as large
surface area, high porosity and pore volume, tunable pore size, and
modifiable surface (Wu et al., 2011), MOFs have been widely studied
and explored in many potential fields, e.g., gas separation and storage
(Zang et al., 2017), catalysis (El-sharkawy et al., 2011), chemical

sensing (Kreno et al., 2012), and drug delivery (Zhang et al., 2019).
Recently, MOFs have received increasing attention as a novel type of
adsorbent for remediation of environmental pollution, such as removal
of heavy metals, dyes, and inorganic anions (Saleem et al., 2016; Haque
et al., 2011; Howarth et al., 2015). Specifically, owing to the unique
surface properties obtained from metal and organic moieties, MOFs can
theoretically function as a potential and effective adsorbent for removal
of organic contaminants from water. However, limited research on this
topic has been reported due to two main obstacles. First, MOFs are
usually solid powders of nano or micron size with a narrow pore size
distribution confined in micropore range (< 2 nm), which hinders mass
transfer of the organic molecules of relatively larger molecular size into
the pore system. Second, many MOFs suffer from stability problems in
water systems for long time use (Canivet et al., 2014). Thus, developing
novel MOF-based adsorbent with more accessible specific surface and
high stability is in urgent need. In addition, MOFs also suffer from a
common problem similar to other adsorbents (difficulty in separating
them from aqueous solutions), which hinders their practical application
to some extent. Therefore, incorporation of magnetic components is a
popular strategy adopted to solve this problem (Cui et al., 2014).

Herein, we successfully prepared a novel core-shelled adsorbent
with Fe3O4 spherical particles as core and ZIF-67 (a well-known MOF
material) derived layered double hydroxide (LDH) as shell (Fe3O4@Co/
Ni-LDH) for removal of BPs from aqueous solution. The obtained
Fe3O4@Co/Ni-LDH was characterized by a variety of techniques. The
LDH shell appears hierarchical structure composed of nanosheet sub-
units, which benefits the adsorption process for its high ratios of ac-
cessible surface area and thus leads to high adsorption capacity; Also,
the Fe3O4 core is encapsulated by a layer of LDH, which not only pre-
vents the Fe3O4 from being oxidized but also supplies more active sites
for target adsorption. Expectedly, the Fe3O4@Co/Ni-LDH was proved to
be effective for removal of BPs from water through adsorption experi-
ments of kinetics, isotherms and effects of different parameters (in-
cluding pH, ionic strength, HA and real water). Moreover, the re-
generation and reusability of the prepared Fe3O4@Co/Ni-LDH and the
removal mechanism were also investigated.

2. Materials and methods

2.1. Materials and reagents

Cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O,> 99%) and nickel
(II) nitrate hexahydrate (Ni(NO3)2·6H2O,> 97%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). 2-Methylimidazole (> 97%) was
obtained from Macklin Biochemical Co., Ltd (Shanghai, China).
Ethylene glycol (> 99%), methanol (> 99.5%), ethanol (> 99.7%),
iron (III) chloride hexahydrate (FeCl3·6H2O,> 99%) and sodium
acetate anhydrous (CH3COONa,> 99%) were purchased from
Sinopharm Chemical Reagent Co., Ltd (Beijing, China). BPA, BPF, BPS,
and BPAF were purchased from Aladdin Chemistry Co., Ltd (Shanghai,
China), and their structural formula are shown in Fig. S1. Deionized
water (18.2MΩ cm−1) comes from the Milli-Q water purification
system (Millipore, Milford, USA). All reagents were used directly
without further purification.

2.2. Synthesis

2.2.1. Preparation of Fe3O4 nanospheres
The Fe3O4 nanoparticles were synthesized according to a reported

method (Fu et al., 2015). Typically, 1.35 g of FeCl3·6H2O and 3.6 g of
CH3COONa were dissolved in 40mL of ethylene glycol under magnetic
agitation for 15min. The mixed solution was then transferred to a
100mL Teflon-lined stainless-steel autoclave. The autoclave was put
into a muffle oven and heated to 120 °C with a ramp rate of 5 °C/min
and maintained for 12 h. After being cooled to room temperature, the
black product was collected and washed several times with ethanol and
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finally vacuum dried at 70 °C for 24 h.

2.2.2. Preparation of Fe3O4@ZIF-67 core-shell microparticles
To obtain the Fe3O4@ZIF-67 microparticles, 600mg of Co

(NO3)2·6H2O was dissolved in 40mL of methanol under ultrasound
forming solution A. 5mg of Fe3O4 nanoparticles were dispersed in
40mL methanol, followed by addition of 532mg of 2-methylimidazole
under ultrasound to form solution B. Then, solution B was quickly
poured into solution A and mechanically stirred at a speed of 350 rpm
for 24 h at room temperature. The product was collected by a magnet
and washed several times with ethanol and then dried at 70 °C for 24 h.

2.2.3. Preparation of magnetic hierarchical rattle-like Fe3O4@Co/Ni-LDH
60mg of the Fe3O4@ZIF-67 was dispersed in 40mL of ethanol under

ultrasonication forming solution A. 200mg of Ni(NO3)2·6H2O was dis-
solved in 10mL of ethanol forming solution B. The solution B was
poured into solution A and stirred for 5min. Then, the mixed solution
was put into an ultrasonic bath and treated for 90min (the power of the
ultrasonicator is 565W) until the purple color disappeared. Finally, the
product was washed several times with ethanol and vacuum dried at
70 °C overnight.

2.3. Characterization of materials

The morphology of materials was characterized using field emission
scanning electron microscopy (FESEM, SU-8020, Hitachi, Japan) and
high-resolution transmission electron microscopy (HR-TEM, JEM-
2100 F, JEOL, Japan). The elemental mapping analysis was performed
on an energy dispersive X-ray spectroscopy. The Wide-angle X-ray
diffraction (XRD) patterns were measured by an X-ray diffractometer
equipped with Cu Kα radiation (40 kV, 40mA) (X'Pert PRO MPD,
PANalytical, Holland). The N2 adsorption-desorption isotherms were
obtained by the micropore physisorption analyzer at 77 K
(Micromeritics ASAP 2460, USA). The specific surface areas and pore
properties of the prepared adsorbents were calculated through the
Brunaure-Emmett-Teller (BET) and Barret-Joyer-Halenda (BJH) model,
respectively. The X-ray photoelectron spectroscopy (XPS) measurement
was performed with an ESCALAB250Xi instrument (Thermo Fisher
Scientific, USA). The Fourier transformed infrared (FT-IR) spectra were
obtained by a FTIR spectrophotometer (Nicolet 8700, Thermo Fisher
Scientific, USA). The magnetization curves were obtained using a
magnetometer with superconducting quantum interference device
(SQUID) (MPMS XL-7, Quantum Design, USA). The Zeta potential of the
sample under different pH was calculated by Zetasizer (Zetasizer 2000,
Malvern, England).

2.4. Batch adsorption experiment

All the adsorption experiments were carried out by adding 5mg of
the Fe3O4@Co/Ni-LDH into 10mL of BPs solutions. Considering that
the natural water matrices are usually around neutral pH, the adsorp-
tion experiments were therefore performed at pH 7. The pH of solution
was adjusted to 7.0 by adding 0.1 mol/L HCl or NaOH solution. Then,
the mixture suspensions were shaken at 250 rpm for 60min under room
temperature. All samples were taken and filtered by 0.22 μm glass
membrane filter before instrument analysis. Finally, the concentrations
of the BPs were determined by UPLC-MS/MS and the adsorption ca-
pacity at equilibrium (qe, mg/g) and time t (qt, mg/g) were calculated
by the following two equations:

=q (C C )
m

ve
0 e

(1)

=q (C C )
m

vt
0 t

(2)

In which C0 and Ce (mg/L) represent the initial and equilibrium

concentrations of BPs, respectively. Ct (mg/L) is the concentration of
BPs at time t. m (g) and v (mL) are the mass of adsorbent used and the
volume of aqueous solution, respectively.

For adsorption kinetics, the samples were taken at certain intervals
(5˜60min). For adsorption isotherm, the initial concentration of BPs
solution varied from 0˜300mg/L. The aqueous solution of NaCl was
used as control of ionic strength and ranged from 0˜0.1 mol/L. The
humic acid (HA) was used as a simulated substitution of natural organic
matter (NOM) to evaluate the effect of NOM on BPs removal. For the
real water, four BPs (BPA, BPF, BPS and BPAF) were added to the real
water to form a mixture, and the concentration of each compound was
set at 200 μg/L. The initial concentrations of BPs were 200 μg/L for all
adsorption experiments (except for adsorption isotherm).

Five cycles of adsorption-desorption tests were performed to eval-
uate the reusability of the prepared adsorbent. For adsorption, 5mg
adsorbent was added into 15mL glass vessels containing 10mL of
1mg/L BPs solution. The solution was shaken on a rotation agitator at
250 rpm for 60min at room temperature. Then, the adsorbent was se-
parated and collected by a magnet from solution. For desorption, the
used adsorbent was re-dispersed in 50mL methanol and the mixture
was shaken at 250 rpm for 30min under room temperature. Then, the
regenerated adsorbent was collected by a magnet from methanol so-
lution and washed several times with methanol and deionized water.
After drying, the adsorbent was reused in next cycle. To study the
stability of the prepared adsorbent in the adsorption system, the con-
centrations of Fe, Co and Ni were also detected after adsorption process.
To evaluate the long-term stability, five parallel tests were performed
with various agitation time of 1, 2, 3, 4, and 5 h. In addition, for cal-
culation of the dissolution rate, 5 mg of the adsorbent was dissolved in
10mL 1M of HCl aqueous solution to determine the accurate contents
of Fe, Co and Ni in the adsorbent.

2.5. Instrumental analysis

The residual concentration of BPs in water was detected by an ultra-
high performance liquid chromatograph coupled with a triple quadru-
pole 5500 mass spectrometer (UPLC-MS/MS; AB Sciex, MA, USA).
Chromatographic separation of BPs was carried out on an ACQUITY
UPLC BEH C18 analytical column (100mm×2.1mm, 1.7 μm; Waters,
Milford, MA, USA) connected in series with a BEH C18 guard column
(5mm×2.1mm, 1.7 μm; Waters). Aqueous solutions (2mmol/L) of
ammonium acetate and methanol at the initial ratio of 75:25 (v/v) were
used as the mobile phase. The gradient program of mobile phase was as
follow: first, 25% methanol held for 1.0 min; then, increased to 60%
methanol in 1.5min and held for 2.0min; furthermore, increased to
99% methanol in 2.0min and held for 3.0min; and finally, returned to
original conditions. The flow rate of mobile phase was 300 μL/min. For
each sample, the injection volume was 5 μL and the run time was
11min. The MS/MS analysis was carried out using electrospray ioni-
zation (ESI) negative mode and multiple reaction monitoring (MRM).
The ion source temperature was set at 500 °C, and capillary voltage was
kept at -4.5 kV. Nitrogen was used as both curtain and collision gas. The
cone voltage and collision energy were −30 V and 22 eV, respectively.

3. Results and discussion

3.1. Characterization of materials

The structure and morphology of the as-prepared Fe3O4@ZIF-67
crystals and Fe3O4@Co/Ni-LDH were characterized by field emission
scanning electron microscopy (FESEM) and transmission electron mi-
croscopy (TEM). The FESEM image of the Fe3O4@ZIF-67 (Fig. S2a)
reveals that the obtained crystal particles exhibit typical polyhedral
structure with smooth surface and a highly uniform size of approxi-
mately 800 nm. In addition, no spherical Fe3O4 particles were observed,
suggesting the full-encapsulation of the magnetic core by the ZIF-67
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crystal. The TEM image (Fig. S2b) further indicates the solid nature and
core-shell structure of the Fe3O4@ZIF-67. After the designed sol-
vothermal reaction, the core-shell Fe3O4@ZIF-67 polyhedral turned to
the unique hierarchical rattle-like morphology. The FESEM image
(Fig. 1a) indicates that the overall morphology of the particles still
appears the polyhedral structure, but the smooth surface of the pre-
cursor becomes wrinkled. Also, the size grows larger compared to that
of the precursor Fe3O4@ZIF-67. Meanwhile, from the FESEM image of a
broken particle (Fig. 1b), it can be clearly observed that there is a
hollow void enwrapped by a shell with the thickness of about 120 nm.
The TEM image (Fig. 1c) further confirms the hollow structure of the
product with the encapsulation of a spherical core, and thus exhibiting
a unique rattle-like structure. Moreover, surface of the inner Fe3O4 core
is also found being enwrapped by a layer of substances that having the
same composition to that of the outer shell. This phenomenon favors
the adsorbent in two ways: 1) The cover can perform as a protector
cover for the magnetic Fe3O4 core from being oxidized or etched by the
environment solutions, and thus helps to maintain its magnetism and
stability; 2) Due to the outer shell exhibits hierarchical hollow struc-
ture, the target pollutant can pass through the slits and holes into the
inner void and react with this cover layer, and thus lead to further
adsorption. HRTEM image (Fig. 1d) of a part of the rattle-like structure
consolidates that the shell was interconnected by nanosheets subunits
forming a loosely packed pore-abundant texture. Furthermore, the
dark-field TEM image (Fig. 1e) also verifies the rattle-like structure and
the nanobelt-composing hierarchical shell. The elemental mapping and
linear scanning EDX of a single product clearly shows the difference in
composition and distribution of elements in the core and the shell. The
results (Figs. 1e and S3) indicate that Co and Ni distribute evenly in
both the outer shell and inner shell and the Fe elements are mainly
distributed in the central spherical core area, which is also another
evidence for the rattle-like structure. The unique hierarchical rattle-like
structure can greatly enhance the specific surface area and porosity of
the material to some extent, which can provide more active binding
sites for adsorption. What is more, the Fe3O4 core can endow the pro-
duct with an advantage of convenient separation from water.

To determine the crystal structure and composition of the rattle-like
structure, the wide-angle X-ray diffraction (XRD) was performed. The
XRD pattern (Fig. 2a) shows that the main diffraction peaks appear at

25.03°, 30.36°, 34.32°, 35.75°, 43.36°, 57.36°, 60.42° and 62.13°. The
typical peaks at 25.03°, 34.32° and 60.42° are unambiguously attributed
to the (006), (009) and (110) planes of the typical LDH structure (Jiang,
Li, et al., 2013). In addition, the peaks at 30.36°, 35.75°, 43.36°, 57.36°
and 62.13° can be assigned to the (220), (311), (400), (422), and (440)
reflection planes of Fe3O4 (Chen et al., 2018). Meanwhile, it can be
observed that the diffraction peaks of the precursor ZIF-67 disappear.
Therefore, in company with the abovementioned EDX result, the shell
can be determined as Co/Ni based LDH. What is more, the content of Co
and Ni was examined by ICP-OES after the adsorbent was dissolved in
HCl aqueous solution. The accurate atomic ratio of Co/Ni was de-
termined to be 71/29. And thus, it can be concluded that the prepared
sample is a rattle-like adsorbent with a magnetic Fe3O4 core and hier-
archical Co/Ni-LDH shell (Fe3O4@Co/Ni-LDH).

To further verify the chemical composition and elemental status of
the Fe3O4@Co/Ni-LDH, the sample was measured by XPS. The survey
XPS spectrum (Fig. S4a) clearly indicates that the as-prepared
Fe3O4@Co/Ni-LDH contains Co, Ni, Fe, C, N and O elements. The high-
resolution spectrum of Co 2p (Fig. S4b) can be deconvoluted into two
main peaks at 783.6 eV (Co 2p3/2) and 799.8 eV (Co 2p1/2) coupled
with two accompanied satellite bands, indicating that the Co ion pri-
marily exist as Co (II) (Yang et al., 2014). Similarly, for Ni 2p (Fig. S4c),
two major peaks locating at 858.7 eV (Ni 2p3/2) and 876.2 eV (Ni 2p1/2)
accompanied by two satellite bands indicate the existence of Ni (II) (Jia
et al., 2016). In order to further determine the functional groups on the
surface of the adsorbent, the FT-IR analysis was performed. As shown in
Fig. 2b, the peaks at 3445 and 1631 cm−1 can be assigned to the OeH
stretching modes from the interlayer water and H-bound −OH groups
(Valdez et al., 2015; Zhang et al., 2013a). Moreover, the bands at 1384
and 840 cm-1 are typical absorbance of NO3- anions (Hou et al., 2005;
Xu and Zeng, 1999). The broad band in the range of 450–770 can be
ascribed to δ(OH) and ṽ(MeOH) vibrations (Zhu et al., 2002).

Due to that adsorption is a surface-functioned process, the surface
area and pore structure characteristics were measured by N2 adsorp-
tion-desorption experiments. Fig. S5a shows that the N2 adsorption-
desorption isotherms of Fe3O4@Co/Ni-LDH belong to the typical type
IV curve with a H3 hysteresis loop, indicating the as-prepared adsorbent
possesses a well-defined mesoporous structure (Jia et al., 2016). In
addition, the pore size distribution (PSD) curve (Fig. S5b) shows that

Fig. 1. (a) FESEM image of Fe3O4@Co/Ni-LDH, (b) FESEM image of broken particle, (c) TEM image of Fe3O4@Co/Ni-LDH, (d) HRTEM image of Fe3O4@Co/Ni-LDH,
and (e) EDX-elemental mapping and line scan image of Fe3O4@Co/Ni-LDH.
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the pore diameters mainly range from 0.49 to 30 nm, and the average
pore size is 2.86 nm. The calculated BET specific surface area and pore
volume of the Fe3O4@Co/Ni-LDH are 128.13m2/g and 0.34 cm3/g,
respectively. Such a porous structure imposes the adsorbent with
properties beneficial to adsorption: 1) the porous structure can supply
more active binding sites, which will greatly enhance the affinity of the
adsorbent for the target; 2) mesoporous structure can accelerate the
transport of the target during the adsorption process, which will in-
crease the adsorption efficiency of the adsorbent to some extent.

Due to that magnetism plays a vital role in separation, the magnetic
strength of the Fe3O4@Co/Ni-LDH was measured and the results are
shown in Fig. 3. The hysteresis loop of the Fe3O4@Co/Ni-LDH appears a
symmetrical closed curve with saturation magnetization value of
14.2 emu/g, indicating the magnetic feature of the adsorbent. Such a
magnetic property allows Fe3O4@Co/Ni-LDH to be easily separated
from the aqueous solutions in a short time (< 2min) with permanent
hand-held magnets, which makes the adsorption process more con-
venient.

3.2. Adsorption kinetics of BPs

The adsorption kinetics of BPs on Fe3O4@Co/Ni-LDH was in-
vestigated at different time intervals (5˜60min) to study the adsorption
rate. Fig. 4a shows that the BPs were rapidly removed from aqueous
solution during the first 10min, followed by slow adsorption and
reached equilibrium adsorption, when there was no more adsorption
due to that the adsorption rate is equal to desorption rate and result in
unchangeable concentration of adsorbate in solution. The equilibrium
adsorption of BPA and BPF were 67.21% and 60.48%, respectively,
which were lower than those of BPS and BPAF (98.61% and 91.37%,

respectively). Based on the above result, 60min was selected as the
time of the determined adsorption equilibrium in further adsorption
experiments.

To better investigate the adsorption behavior, the pseudo-second-
order kinetic model was applied to analyze the experimental data. The
model can be expressed as follows (Ho, 2006):

= +t
q K q

t
q

1
t ead e

2 (3)

In which, qe and qt represent the adsorption capacities (μg/g) at
equilibrium and time t (min), respectively. Kad (g/μg min) is the
pseudo-second-order kinetic rate constant.

The initial adsorption rates can be described as:

=h K qad e
2 (4)

The pseudo-second-order kinetic parameters calculated from the
intercept and slope of the plot of t/qt versus t (Fig. 4b) are summarized
in Table 1. The results suggest that the adsorption rate of the as-pre-
pared Fe3O4@Co/Ni-LDH for the tested BPs are in the order of
BPS > BPAF > BPA > BPF. In addition, the high correlation coeffi-
cients (R2> 0.999) indicate that the adsorption behavior of BPs on the
Fe3O4@Co/Ni-LDH could be well described by pseudo-second-order
kinetic model, suggesting that the adsorption process is mainly a che-
mical bonding process between the adsorbent and the adsorbate (Li
et al., 2016). As discussed above, there are many oxygen-containing
functional groups (such as hydroxyl groups) on the surface of the ad-
sorbent, which can form hydrogen bonds with hydroxyl groups of BPs
(Ersoz et al., 2004). Therefore, the hydroxyl bonding interaction be-
tween oxygen-containing groups of BPs and Fe3O4@Co/Ni-LDH func-
tions in adsorption of BPs.

In order to accurately determine the adsorption mechanism, XPS
and FT-IR spectrum of the Fe3O4@Co/Ni-LDH after adsorption of BPs
were also performed. Due to that BPS has S element, which makes it
easier to be identified. We determined the composition status of the
BPS-loaded adsorbent (Fig. S6). It can be observed there is obvious peak
for S in the survey spectrum, indicating BPS was successfully adsorbed
on the surface. Moreover, the high-resolution C 1s spectrum can be
deconvoluted into four peaks locating at 284.8, 285.5, 286.4, and 288.5
eV, which can be ascribed to the sp2 bonded carbon (CeC/C=C), hy-
droxy-carbon (CeOH), the epoxy (COeH.C-O-M), and the carbonyls (O-
C=O), respectively (Sun et al., 2014; Desimoni and Brunetti, 2015). To
further penetrate into the adsorption mechanism, FT-IR was also per-
formed. It can be seen from Fig. 2b that after BPs adsorption, the broad
band (450–770 cm−1) assigned to δ(OH) and ṽ(MeOH) vibrations ex-
perienced slight shifts. This can be devoted to formation of hydrogen
bonding with BPs molecules. The conversions of stretching frequency
were from 3445 to 3490, 3454, 3464 and 3459 cm−1 for BPA, BPF, BPS

Fig. 2. (a) The XRD spectra of Fe3O4@Co/Ni-LDH, and (b) the FT-IR spectra of Fe3O4@Co/Ni-LDH before and after four BPs adsorption.

Fig. 3. The hysteresis loops of the Fe3O4@Co/Ni-LDH before use and after 5
cycles of use.
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and BPAF, respectively. Meanwhile, the intensity of the peak of
HeOHe group was significantly weakened or even disappeared after
adsorption of BPs. This result could be ascribed to the hydroxyl bonding
interaction between BPs and Fe3O4@Co/Ni-LDH. Based on above re-
sults, it can be concluded that the removal mechanism of BPs was
mainly hydrogen bonding interaction between BPs and Fe3O4@Co/Ni-
LDH.

3.3. Adsorption isotherms of BPs

The isotherm models are often used to describe the interaction be-
tween the adsorbent and the adsorbates at equilibrium. To investigate
the equilibrium adsorption capacity of BPs on Fe3O4@Co/Ni-LDH, the
adsorption isotherm experiments were performed. Meanwhile, to fur-
ther study the adsorption isotherms of BPs on Fe3O4@Co/Ni-LDH, the
experiment data were fitted by Langmuir and Freundlich models. The
equations are as follows (Zhang et al., 2013b):

Langmuir equation:

=
+

q
q b Ce
1 b Cee
max

(5)

Freundlich equation:

=q K Ce F e
n (6)

In which, qe (mg/g) represents the adsorption capacity of BPs on the
solid phase. qmax (mg/g) is the maximum adsorption capacity of the BPs
per unit weight of adsorbent. Ce (mg/L) represents the equilibrium
concentration of BPs in the solution phase. b (L/mg) is the equilibrium
adsorption constant. KF represents the roughly indicator of the ad-
sorption capacity. n represents the heterogeneous factor.

The adsorption isotherm curves (Fig. 5) demonstrate the adsorption
as a function of the equilibrium concentration of the BPs molecules in
solution. The adsorption isotherm parameters calculated from the
Langmuir and Freundlich models are listed in Table 2. The results in-
dicate that the adsorption data could be better fitted by the Langmuir
model than the Freundlich model, which means that the adsorption of
BPs on Fe3O4@Co/Ni-LDH behaved in a monolayer adsorption style

and no further interaction between the adsorbates occurred (Xu et al.,
2012). The maximum adsorption capacity of BPA, BPF, BPAF and BPS
on the Fe3O4@Co/Ni-LDH predicted by the Langmuir model were
238.96, 177.09, 320.56 and 345.84mg/g, respectively. In addition, we
compared the adsorption capacity of the prepared Fe3O4@Co/Ni-LDH
for BPs with the previously reported adsorbents (Table S1). The result
suggests that Fe3O4@Co/Ni-LDH has better comprehensive removal
ability for the four BPs. Therefore, the prepared Fe3O4@Co/Ni-LDH
possesses high potential for the adsorption and removal of BPs in
aqueous solution.

3.4. Effect of pH on the adsorption of BPs

The solution pH plays a critical role on the adsorption process,
which can not only change the zeta potential of the adsorbent surface,
but also affect the species of target pollutants in water (Wang et al.,

Fig. 4. (a) The kinetic equilibrium of four BPs test over time, and (b) the pseudo-second-order kinetic model for BPs removal. Adsorbent dosage =0.5 g/L; initial
concentration =200 μg/L; pH=7.0; T= room temperature.

Table 1
The Pseudo-second-order kinetic parameters for BPs adsorption at pH 7.0.

Compounds Pseudo-second-order model

K ad (g/μg min) h R2

BPA 5.87× 10−3 3.69× 102 0.999
BPF 4.49× 10−3 3.45× 102 0.999
BPS 2.28× 10−2 3.59× 103 0.999
BPAF 9.45× 10−3 1.29× 103 0.999

Fig. 5. The adsorption isotherms of four BPs on Fe3O4@Co/Ni-LDH. Adsorbent
dosage =0.5 g/L; initial concentration =300mg/L; pH=7.0; T= room tem-
perature.

Table 2
The Langmuir and Freundlich isotherm parameters for BPs adsorption at pH
7.0.

Langmuir model Freundlich model

Compounds qm (mg/g) b (L/mg) R2 KF (mg/g) n R2

BPA 238.96 0.007 0.994 2.79 0.81 0.949
BPF 177.09 0.011 0.999 3.38 0.64 0.981
BPAF 320.56 0.078 0.994 2.41 0.83 0.994
BPS 345.84 0.027 0.999 6.71 0.79 0.991
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2016). Therefore, the effect of pH on removal of BPs was investigated in
the pH range from 3 to 12. It can be seen from Fig. 6a that the removal
rates of BPA, BPF and BPAF on Fe3O4@Co/Ni-LDH show a minor
change in the pH range from 3 to 10, remaining around 63%, 65% and
92%, respectively. When pH > 10, the removal rates of those three BPs
decreased to varying degrees of 58%, 57%, and 64% for BPA, BPF and
BPAF, respectively. Similarly, the removal of BPS also did not change
significantly when pH increased from 3 to 9 and still maintained at a
high removal rate of 98%, while declined rapidly as pH further in-
creased (pH > 9).

The reasons for such a removal trend can be explained in two as-
pects, the properties of the adsorbent itself and the existing forms of
BPs. The zeta potential result (Fig. 6b) shows that the Fe3O4@Co/Ni-
LDH was positively charged within the measured pH range (3˜12), and
shows a decrease trend. The existing form of BPs are related to pH of
solution and its own pKa (Jiang, Yang, et al., 2013). The pKa values of
the four BPs are in the range of 7.55-9.65. When pH was below 7.55,
The BPs exist mainly in neutral form (Chen et al., 2018), the main
adsorption force of hydrogen bonding effect functions well. While, with
increase of the pH value, the BPs start or inclined to ionize and led to
weakening of the hydrogen bonding, and thus resulted in gradual de-
crease of the adsorption efficiency. When further increased the pH
value to above 9.65, the BPs experienced full deprotonation. Then,
accompanied with the severely decreased surface charge of the ad-
sorbent, the adsorption efficiency experienced further decrease.

3.5. Effect of ionic strength and HA on the adsorption of BPs

The ionic strength is one of the most significant parameters for
adsorption of organic pollutants (Park et al., 2015). On the one hand,
the addition process happened in salt-containing solutions exists a

salting-out effect on the adsorption of hydrophobic compounds, which
can enhance the adsorption of adsorbate to some extent (Zhang et al.,
2013c). On the other hand, the existence of salt could also produce the
squeezing-out effect to adsorbent, which is detrimental to the adsorp-
tion of BPs (Xie et al., 1997). Thence, the effect of the ionic strength on
the removal of BPs was studied with various NaCl concentrations
(0˜0.1mol/L) at pH=7.0. As shown in Fig. 6c, there were slight de-
crease in the removal rates of BPA and BPF within the measured ionic
strength range. One possible explanation for this adsorption behavior is
that the contribution of salting-out effect to BPA and BPF was equiva-
lent to the squeezing-out effect to Fe3O4@Co/Ni-LDH (Xu et al., 2012).
Furthermore, in the high concentration of NaCl, the removal rates of
BPS and BPAF showed a great decline from 99.53% to 56.97% and from
94.31% to 64.20%, respectively. This was mainly due to that the
competitive adsorption between the NaCl and BPS and BPAF at the
active sites of the adsorbent was greater than its salting-out effect on
BPS and BPAF as the ionic strength further increases (Tang et al., 2017).

The natural organic matters (NOM) that ubiquitously present in
natural waters are another important factor that can affect adsorption
processes (Redman et al., 2002). In order to explore the effect of NOM,
HA was selected to simulate and assess the effect of NOM on the ad-
sorption of BPs by the prepared Fe3O4@Co/Ni-LDH. As can be seen
from Fig. 6d, trivial variation on the removal rates of BPs with increase
of the concentration of HA (0˜50mg/L) can be observed. As a result, it
can be concluded that the prepared Fe3O4@Co/Ni-LDH was an effective
adsorbent for BPs, and free of effect from NOM.

3.6. Adsorption of BPs in real water matrices

To evaluate the application efficiency of the prepared Fe3O4@Co/
Ni-LDH in different real water matrices, the removal of BPs in three real

Fig. 6. (a) The effect of pH on four BPs removal, (b) the zeta potential of Fe3O4@Co/Ni-LDH at different pH, (c) the effect of ionic strength on four BPs removal, and
(d) the effect of HA on four BPs removal. Adsorbent dosage =0.5 g/L; initial concentration =200 μg/L; T= room temperature.
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waters (lake water, river water, tap water) and deionized water were
performed. As shown in Fig. S7, the adsorption performance of the
Fe3O4@Co/Ni-LDH for the four BPs in the three real water matrices was
slightly lower (< 10%) than in the deionized water matrix. However,
taken into consideration that the real water matrices contain much
more complicated contents (e.g., suspended particles, water micro-
organisms, various ions and cations and so on) than the purified deio-
nized water, which impose competitive effect on adsorption. Therefore,
such a low difference indicates the complex compositions of real water
matrices have limited effect on removal of BPs by the as-prepared ad-
sorbent and does not weaken its good performance. This result proves
that the prepared Fe3O4@Co/Ni-LDH is a potential effective adsorbent
for the removal of BPs in real water systems.

3.7. Regeneration, reusability, and stability of Fe3O4@Co/Ni-LDH

The facile desorption and regeneration are very important for the
reuse of adsorbents. For this purpose, five cycles of adsorption-deso-
rption experiments were carried out to evaluate the reusability of the
Fe3O4@Co/Ni-LDH. Fig. 7 shows the removal efficiencies of BPs on the
Fe3O4@Co/Ni-LDH. The result suggests that there was only a slight
decrease in the removal efficiencies of BPs after 5 cycles of experiments,
indicating excellent reusability of Fe3O4@Co/Ni-LDH for the adsorption
of BPs and the prepared Fe3O4@Co/Ni-LDH could be easily regenerated
via methanol. In addition, we also evaluated the stability of the
Fe3O4@Co/Ni-LDH, which is a vital factor for reusability of an ad-
sorbent. As shown in Fig. S8, it can be seen that no Fe was detected in
all the five parallel tests, indicating there was no dissolution of Fe3O4.
The magnetic property of the Fe3O4@Co/Ni-LDH after 5 cycles of use
(Fig. 3) also stayed steady compared to that before use. These results
echo the abovementioned discussion that the evolved layer on the
Fe3O4 particles helps to protect Fe3O4 from being etched. Moreover, the
SEM image (Fig. S9) of the Fe3O4@Co/Ni-LDH after 5 cycles of appli-
cation shows the structure maintained well without obvious collapse
happened. It is also shown that although Ni and Co were detected, very
small increase of the leakage was found from the parallel tests from 1 h
to 5 h. The relatively high concentration of Co and Ni in the 1 h test
maybe mainly derived from the adsorbed species but not the dissolu-
tion. To suppress this interference, we subtract the concentration of 1 h
from that of 5 h to calculate the 4 h’ leakage, and the results are 3.63%
and 1.13% of the total amount of Co and Ni in the Fe3O4@Co/Ni-LDH.
Based on the above results, it can be concluded that the prepared
Fe3O4@Co/Ni-LDH is an adsorbent of high stability and outstanding
reusability for the removal of BPs.

4. Conclusion

In this study, a magnetic adsorbent of rattle-like structure has been
successfully prepared from Fe3O4@ZIF-67 precursor. The prepared
Fe3O4@Co/Ni-LDH possesses uniform particle size (800 nm), high
specific surface area (128.13 m2/g) and saturation magnetization
(14.2 emu/g). In addition, the prepared Fe3O4@Co/Ni-LDH features a
separate Fe3O4 core and a hierarchical shell composed of 2D na-
nosheets, and thus benefits adsorption through convenient separation
and more active adsorption sites. Batch adsorption experiments showed
that the adsorption kinetics data fitted well with the pseudo-second-
order model, suggesting the adsorption behavior was mainly chemical
adsorption. The adsorption isotherms could be well described by
Langmuir model, indicating that the adsorption of BPs on Fe3O4@ZIF-
67 was a monolayer adsorption. The high pH and concentration of NaCl
were unfavorable for removal of BPs on Fe3O4@Co/Ni-LDH, especially
for BPS and BPAF. The HA and real water had no significant effect on
the removal of BPs. Furthermore, the Fe3O4@Co/Ni-LDH was re-
generated effectively by methanol and the removal rate did not de-
crease significantly after 5 cycles. Therefore, the as-prepared
Fe3O4@Co/Ni-LDH can be as a promising adsorbent for BPs removal
from water.
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