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ABSTRACT: Smart core—shell microspheres for selective Pb** adsorption and
separation have been developed. Each microsphere is composed of a Pb**
recognizable poly(N-isopropylacrylamide-co-benzo-18-crown-6-acrylamide)
(PNB) shell and a magnetic Fe;O, core. The magnetic PNB core—shell
microspheres show excellent Pb** adsorption selectivity among the coexisting
Cd*, Co*, Cr’*, Cu®, Ni*!, Zn®, K', and Ca®* ions by forming stable
B18C6Am/Pb** host—guest complexes and exhibit an interesting temperature-
dependent Pb*" adsorption. The inner independent magnetic Fe;O, cores enable
the Pb**-adsorbed microspheres with a magnetically guided aggregation to be
separated from the treated solution using a remotely controlled manner. The
isothermal Pb** adsorption result fits well with the Freundlich isotherm. The
magnetic PNB core—shell microspheres show very fast adsorption of Pb**, and
the adsorption process of Pb** onto magnetic PNB core—shell microspheres fits
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well with the pseudo-second-order model. Moreover, Pb**-adsorbed microspheres
can be regenerated by simply increasing the operation temperature and washing with deionized water. The proposed magnetic
PNB core—shell microspheres provide a promising candidate for Pb** adsorbents with selectively separable and efficiently

reusable abilities.
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1. INTRODUCTION

Lead (Pb**) is one of the most abundant and toxic heavy metal
pollutants. Due to its nonbiodegradability, Pb** can accumulate
in the body from contaminated food and water. Even very low
levels of lead intake will cause serious harmful effects on the
nervous system, reproductive system, immune system, and liver
and kidneys of human beings, especially infants and children."”
However, Pb** is commonly found in industrial wastewater
because of their wide applications in smelting, battery
industries, painting, mining, and so on. Therefore, effective
removal of Pb*" from industrial wastewater will contribute to
environmental sustainability. To achieve that, various tech-
nologies, such as chemical precipitation, membrane separation,
solvent extraction, ion-exchange and adsorption, have been
developed.’™” Among them, adsorption is a promising
technique because of its high efficiency, easy handling and
availability for various adsorbents. In the past few decades, a
large number of materials such as activated carbon, chitosan
and zeolites, which have high adsorption capacities and are
locally available, have been widely used as adsorbents for
removal of Pb*.” However, most of these materials show
nonspecificity to Pb** due to their physical adsorption action.
These adsorbents can easily become saturated with ubiquitous
other species, such as Ca*, K*, and so on. In addition,
separation and regeneration of these adsorbents from the
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decontaminated water are extremely challenging. Therefore,
design and fabrication of a novel adsorbent with good
adsorption capacity and selectivity toward Pb*', convenient
separation, and regeneration from the decontaminated water
are of both scientific and technological importance.
18-Crown-6 and its derivatives are one kind of the most
promising substances for the design of Pb** detection and
adsorption materials because of their specific Pb** recognition
ability based on the formation of supermolecular host—guest
complexes.g_11 However, most previous investigations are
focused on the detection of Pb** by 18-crown-6 and its
derivatives,”>'® and only a few of them are focused on the
selective adsorption of Pb*.'>' A novel Pb**-imprinted
polymer, which is prepared by inverse emulsion polymerization
using 4-vinylbenzo-18-crown-6 as a functional monomer, shows
good capacity and selectivity toward Pb**, even in the presence
of competitor ions such as Zn?*, Co?*, Ni**, and Cd**."” Almost
100% removal efficiency for Pb** from real environmental water
samples is achieved. Nevertheless, the size of the Pb*"
imprinted polymer is in nanoscale, so separation of the
polymer from the decontaminated water is extremely difficult.
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Figure 1. Schematic illustration of the fabrication process of the magnetic PNB core—shell microspheres and the Pb** adsorption and regeneration
processes. (a) Microfluidic device for generating O/W/O emulsion templates, in which A, B, and C stand for the inner, middle, and outer fluid
phases, respectively. (b and c) Formation of the magnetic core through solvent evaporation. (d) Fabrication of the magnetic PNB core—shell
microspheres through UV-initiated polymerization of the emulsion templates. (e) Purification and dehydration of the magnetic PNB core—shell
microspheres by washing and freeze-drying. (f) Adsorption of Pb** onto the magnetic PNB core—shell microspheres. (g and h) Separation of the
adsorbents from the decontaminated solution via magnetic-induced aggregation. (i and j) Removal of the adsorbed Pb** from the microspheres and
regeneration of the adsorbents by increasing environmental temperature and washing with deionized water.

Moreover, HNO; (2 mol L™") implemented in the desorption
process may further cause acid pollution. A Pb*" recognition
gating membrane has been successfully fabricated by grafting
thermoresponsive poly(N-isopropylacrylamide) (PNI-
PAM)**™** based copolymers containing 18-crown-6 units
onto the pore surfaces of porous membranes.”® This gating
membrane can be used in water treatment for selective
detection and removal of trace Pb*". However, its preparation
needs two steps. A thermo- and Pb**-responsive hydrogel has
been fabricated by copolymerization of N-isopropylacrylamide
(NIPAM) and benzo-18-crown-6-acrylamide (B18C6Am)
monomers directly.”’ The poly(NIPAM-co-B18C6Am) hydro-
gel exhibits interesting Pb**-responsive and temperature-
dependent Pb**-adsorption behaviors. However, the large
volumes of the bulk hydrogels restrict their practical
applications in Pb**-contaminated microenvironments. Fur-
thermore, the small specific surface areas of the bulk hydrogels
leads to slow Pb** adsorption and response rates. On the
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contrary, as microspheres have large specific surface areas, the
adsorption and response rates of microspheres toward Pb** are
much faster than the bulk hydrogels. Therefore, it is crucial to
develop microsize adsorbents or microspheres with selective
and rapid Pb** adsorption ability, convenient separation, and
easy regeneration function.

Recently, the utilization of magnetic materials for wastewater
treatment has received much attention due to the advantages of
the convenience of magnetic separation and good biocompat-
ibility.>>~*' Various magnetic materials are fabricated by coating
magnetic particles with inorganic materials, such as multiwalled
carbon nanotubes,*! porous carbon,** and manganese oxide, >
or with organic materials containin§ carboxyl groups,***
amine groups,38 or thiol groups.3 38-40 However, their
adsorption of heavy metal ions is based on either the inorganic
shell with large specific surface area, hollow structure, and
nonspecific binding sites, or the organic shell with electrostatic
attraction between the positive heavy metal ions and the
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negative functional groups, which show no selectivity toward
Pb**. A magnetic Pb**-imprinted polymer (Fe;O,@SiO,—1IP)
functionalized with thiol groups for selective removal of Pb*"
has been synthesized recently.*' The Fe;0,@SiO,~IIP has
excellent magnetic response and shows higher capacity and
selectivity than that of the magnetic nonimprinted polymer
(Fe;0,@Si0,—NIP). However, the fabrication process of
Fe;0,@Si0,—1IIP is extremely complex.*' Furthermore, HCI
solution used in the desorption will bring acid pollution.
Although many researchers have reported using magnetic
core—shell materials for sensing and adsorption of heavy metal
ions, most of the materials have no adsorption selectivity
toward Pb**. Therefore, the development of a novel selective
Pb** adsorption material with convenient magnetic separation
is still of practical significance.

Through review of the related reported literatures, the
adsorption microsphere material having both excellent Pb**
selectivity and convenient magnetic separation has not been
reported yet. In this study, we develop novel core—shell
microspheres, each with an Fe;O, magnetic nanoparticles
(MNPs) core and an ion-recognizable poly(NIPAM-co-
B18C6Am) (PNB) shell, which combine the advantages of
convenience of magnetic separation and excellent Pb** selective
adsorption. BISC6Am units act as active receptors for Pb**
recognition and adsorption, which can selectively capture Pb**
to form stable 1:1 (ligand/ion) B18C6Am/Pb** host—guest
complexes.* '"'*~>' PNIPAM networks act as the actuators
with thermoresponsive swelling/shrinking configuration change
for convenient purification and regeneration of the adsorbents.
The inner magnetic core enables the adsorbent with a
magnetically guided aggregation to be separated from the
decontaminated water, and even with a magnetically guided
movement in some Pb** contaminated microenvironments,
using a remotely controlled manner. Core—shell structure
guarantees the core and shell materials act independently, and
the PNB shell can also protect the magnetic core from
leaking.***> The proposed magnetic PNB core—shell micro-
spheres are prepared using oil-in-water-in-oil (O/W/O) double
emulsions as templates, which are fabricated from a two-stage
microfluidic device (Figure 1a). First, the solid magnetic cores
are generated inside the emulsions by solvent evaporation of
the inner oil phase (Figure 1b,c). Then, the middle aqueous
phase layer (W) is converted to PNB shell through UV-
initiated polymerization, from which the magnetic PNB core—
shell microspheres, each with an independent magnetic core
and an ion-recognizable shell, are formed (Figure 1d). After
being washed with deionized water and freeze-dryed, the
magnetic PNB core—shell microspheres are used as adsorbents
for separation of Pb** (Figure le) from the environment at
room temperature (Figure 1f). After the adsorption reaches
equilibrium, the microspheres are separated from the
decontaminated water by an external magnet (Figure lgh).
Pb** ions are then desorbed from 18-crown-6 units by
increasing the operation temperature and washing with
deionized water repeatedly (Figure 1i), which is caused by
the thermo-induced decrease of the inclusion constant of
B18C6Am/Pb** complexes.”'" That is to say, the magnetic
PNB core—shell microspheres can be regenerated simply by
changing the operation temperature and washing with
deionized water (Figure 1ij). Therefore, the proposed magnetic
PNB core—shell microspheres can be used as a selectively
separable and efficiently reusable Pb** adsorbent.
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2. EXPERIMENTAL SECTION

2.1. Materials. NIPAM (Tokyo Chemical Industry) is purified by
recrystallization with a hexane/acetone mixture (v/v, 50/50), and the
chemical structure is shown in Figure Sla (Supporting Information).
B18C6Am is synthesized according to literature,*** and the chemical
structure is shown in Figure S1b (Supporting Information). N,N'-
Methylenebis(acrylamide) (MBA) is used as the cross-linker. 2,2'-
Azobis(2-amidinopropane)dihydrochloride (VS0) and 2,2-dimethoxy-
2-phenylacetophenone (BDK) are used as the water-soluble and oil-
soluble initiators, respectively. Pluronic F-127 (Sigma-Aldrich) and
polyglycerol polyricinoleate (PGPR 90) (Danisco) are used as the
water-soluble and oil-soluble emulsifiers, respectively. 3-
(Trimethoxysilyl)propyl methacrylate (TMSPMA) is used to modify
Fe;O, MNPs. All other reagents are of analytical grade and used as
received. Pb(NO;),, Cd(NO;),, Co(NO;),, Cr(NO;);, Cu(NO;),,
Ni(NO;),, Zn(NO;),, KNO,;, and Ca(NO;), are dissolved in
deionized water as the metal ion solution samples. Deionized water
from a Milli-Q Plus water purification system (Millipore) is used
throughout the experiments.

2.2. Preparation of Magnetic Nanoparticles. To be well
dispersed in ethyl acetate to form the magnetic core in each
microsphere, Fe;O, MNPs are modified by TMSPMA via the
silanization reaction. TMSPMA-MNPs are prepared according to
literature,*>*¢ Briefly, after the Fe;0, MNPs are obtained, TMSPMA
(6 g) is added into the Fe;O, MNPs drop by drop, and then the
solution is mixed at room temperature for 2 h. After the excess
TMSPMA is removed, the resultant TMSPMA-MNPs are dispersed in
ethyl acetate (100 mL) for further use.

2.3. Microfluidic Device. A capillary microfluidic device is
fabricated by assembling glass capillary tubes on glass slides,*”** as
illustrated in Figure la. The inner diameters of the injection, transition,
and collection tubes are 550, 250, and 400 um, respectively. The front
ends of the injection tube and transition tube are tapered by a
micropuller (Narishige) and then adjusted by a microforge (Narishige)
to have inner diameters at 60 and 180 ym, respectively. All cylindrical
capillaries are coaxially aligned within the square capillary tubes by
matching the outer diameters of the cylindrical tubes to the inner
dimensions of the square ones.

2.4. Preparation of Magnetic PNB Core—Shell Microspheres.
The magnetic PNB core—shell microspheres are prepared from O/W/
O double emulsion templates. Typically, ethyl acetate containing
TMSPMA-MNPs is used as the inner oil phase and is ultrasonicated
for 15 min before use. NIPAM (1 mol L™"), B18C6Am (0.1 mol L),
MBA (0.02 mol L™), Pluronic F-127 (0.5 wt %), and V50 (0.5 wt %)
are dissolved in deionized water as the middle aqueous phase (W).
Soybean oil containing PGPR 90 (5% (w/v)) and BDK (0.25% (w/
v)) is used as the outer oil phase (O). The fluid phases are pumped
into the microfluidic device by syringe pumps, and the flow rates of the
inner, middle, and outer fluids are Q4 = 500 uL/h, Qg = 1000 yL/h,
and Q¢ = 2000 pL/h, respectively. The generated monodisperse O/
W/O double emulsions are collected in a collection solution of
soybean oil containing PGPR 90 (5% (w/v)) and BDK (0.25% (w/
v)). Then, the O/W/O emulsions are kept for 10 min to allow the
evaporation of ethyl acetate in the magnetic oil droplets for
constructing the solid magnetic core. The middle aqueous phase of
the double emulsions is converted into hydrogel networks by UV-
initiated polymerization for 15 min in an ice—water bath. A 250 W UV
lamp with an illuminance spectrum of 250—450 nm is employed to
produce UV light. Cross-linking copolymerization for preparation of
poly(NIPAM-co-B18C6Am) hydrogel shell of the microspheres is
shown in Figure S2 (Supporting Information). The solid magnetic
core is encapsulated inside the PNB microgel shell after polymer-
ization. The resultant magnetic PNB core—shell microspheres are
washed with isopropanol and deionized water to remove the outer oil
phase and unreacted materials. Then the magnetic PNB core—shell
microspheres are freeze-dried and preserved as adsorbents for removal
of Pb*. The fabrication process of magnetic PNIPAM core—shell
microspheres using as the control group for adsorption of Pb*" in this
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work is the same as that of the magnetic PNB core—shell
microspheres, but without the addition of B18C6Am.

2.5. Characterization. The morphology and size of TMSPMA-
MNPs are characterized by transmission electron microscopy (TEM,
JEM-100CX, JEOL). Vibrating-sample magnetometer (7400, Lake-
shore) is used to study the magnetic property of the MNPs and the
magnetic PNB core—shell microspheres. The formation process of O/
W/O double emulsions is observed by an inverted optical microscope
(IX71, Olympus) and recorded by a high-speed digital camera
(Phantom Miro3, Vision Research). The O/W/O emulsion templates
and the resultant core—shell microspheres are observed by an optical
microscope (BX61, Olympus), and their size and size distribution are
determined on the basis of their optical micrographs using an
automatic analytic software. The componential analyses of the samples
are characterized by Fourier transform infrared spectroscope (FTIR,
IR prestige-21, Shimazu) in the range of 4000—400 cm™" with KBr
disc technique. The samples for FT—IR characterization are prepared
by a freeze-drying method. Magnetic-induced aggregation of the
magnetic PNB core—shell microspheres is performed with a cylindrical
NdFeB magnet (size, @ 4 mm X 10 m; magnetic intensity, 1.2 T).
Thermogravimetric analysis measurement (TGA, TG209F1, Netzsch)
is performed with a heating rate of 10 °C min™" from 30 to 800 °C
under a nitrogen atmosphere. Temperature-responsive diameter
changes of the magnetic PNB core—shell microspheres in deionized
water and 20 mmol L™ Pb?* solution are observed and recorded by an
optical microscope equipped with a thermostatic stage system (TS 62,
Instec) and a CCD camera.

2.6. Batch Adsorption Experiments. The ion-adsorption
behaviors of magnetic PNB core—shell microspheres in a mixed
heavy metal ion solution containing Pb**, Cd**, Co**, Cr**, Cu*, Ni*/,
and Zn** with the same initial ion concentration (about 40 mg L™")
and equilibration time are investigated at different pH conditions. The
pH values of the mixed ion solutions are adjusted from 2 to 7 using 0.1
mol L™ HCI or NaOH. The weighted magnetic PNB core—shell
microspheres (9 g L™") are added into the containers containing the
heavy metal ion solutions with different pH values. Then, these
containers are sealed and placed in a shaker bath under 80 rpm to
ensure the magnetic core—shell microspheres adsorbents disperse well
in aqueous solutions, and the adsorption processes are operated at 25
°C for 12 h. The concentrations of Pb**, Cd**, Co*, Cr**, Cu®*, Ni*",
and Zn?* before and after adsorption are determined by an inductively
coupled plasma optical emission spectrometer (ICP-OES, Spectro
Arcos).

For the study of specific and selective Pb** adsorption of magnetic
PNB core—shell microspheres, the adsorption performance of the
microspheres in a mixed metal ion solution containing Pb**, Cd*,
Co™, Cr*, Cu*, Ni**, Zn**, K*, and Ca®* at pH S has been studied.
The initial concentrations of Pb?*, Cd**, Co?*, Cr*', Cu?*, Ni**, and
Zn** are all 40 mg L™, while the initial concentrations of K* and Ca**
are both 4 mmol L™', which is about 20 times higher than that of Pb**
(0.2 mmol L™"). The amount of dried magnetic PNB core—shell
microspheres in the mixed metal ion solution is 9 g L™". The ICP-OES
method is also used to determine the concentrations of Pb**, Cd*,
Co*, Cr**, Cu*, Ni**, Zn?*, K*, and Ca®* before and after adsorption.

An atomic absorption spectroscopy (AAS, SpectrAA 220FS, Varian)
method is used to determine the concentrations of Pb** in the other
batch adsorption experiments. The temperature-dependent equili-
brium Pb>" adsorption capabilities of magnetic PNB core—shell
microspheres are investigated systematically. In the batch adsorption
experiments, the weighted magnetic PNB and PNIPAM core—shell
microspheres as adsorbents are added into the containers containing
the Pb** solution. The containers are placed in a thermostatic water
bath shaker and shaken under 80 rpm at each selected temperature for
12 h.

The equilibrium adsorption capabilities of the microspheres toward
metal ions (g, mg g”') and their removal efficiency of metal ions are
calculated using the following equations:

(G- Qv

m

e

(1)

9533

C, - C,
=0 e % 100%
Co )

where Cy (mg L") and C, (mg L") are the concentrations of metal
ions in the surrounding solution at the initial time and at equilibrium
respectively, m (g) is the weight of microspheres, and V (L) is the
volume of metal ion solution.

2.7. Adsorption Kinetics Experiments. Pb(NO,), used in the
experiments is a strong electrolyte, so the relationship between the
conductivity and concentration of Pb(NOj;), solutions is linearly
dependent. Thus, the calibration curve for Pb(NO,), solutions
between the conductivity and the concentration can be obtained by
measuring the conductivity values of Pb(NOj;), solutions with a series
of known concentrations. The concentration of the Pb(NOj), solution
sample can be determined from the calibration curve once the
conductivity of the solution sample is measured. Therefore, a
conductivity meter (Sevenmulti Neutral Meter, Mettler-Toledo) is
used to measure the concentrations of Pb** in real time during the
dynamic Pb** adsorption experiments. When the magnetic PNB core—
shell microspheres as adsorbents (6 g L™") are added to the Pb*
solution (C, 1 mmol L™'), the measurement is started. The
containers are placed in a thermostatic water bath shaker and shaken
under 80 rpm at 25 °C.

2.8. Regeneration Studies. Desorption experiments are carried
out by increasing temperature and washing with deionized water. After
desorption, the magnetic PNB core—shell microspheres are separated
by a magnet and then freeze-dried for regeneration.

Removal percentage =

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Magnetic
Nanoparticles (MNPs). The morphology and distribution of
the TMSPMA-MNPs are observed by TEM. The mean
diameter of the TMSPMA-MNPs is about 10 nm as shown
in Figure 2a. The prepared TMSPMA-MNPs disperse quite
well in ethyl acetate due to the modification by TMSPMA,
which is essential for fabrication of magnetic oil droplets in
microfluidic device.

The chemical compositions of TMSPMA, MNPs, and
TMSPMA-MNPs are characterized by FT—IR spectrometer
(Figure 2b). The characteristic absorption band of Fe;O, at
586.36 cm™! can be found in the spectra of both MNPs (b2)
and TMSPMA-MNPs (b3, Figure 2b). The characteristic
absorption bands of TMSPMA (bl) also appear in b3, as
shown in Figure 2b. For example, absorption bands at 2941.44
and 2845.00 cm ™" are attributed to the stretching vibrations of
—CH, group, a strong absorption band at 172243 cm™ is
attributed to the stretching vibration of the C=0 groups. The
absorption band at 1633.71 cm™, corresponding to the vinyl
groups of TMSPMA units can be found in the spectrum of the
TMSPMA-MNPs, which indicates that the carbon—carbon
double bonds (C=C) have been successfully introduced onto
the surface of MNPs. The FT—IR results confirm that
TMSPMA is successfully coated onto the surface of MNPs
via the silanization reaction.

The magnetization hysteresis loop of MNPs at room
temperature shows that the saturation magnetization (M) of
MNPs is 62.77 emu g ' (Figure 2c). The hysteresis and
coercivity are almost undetectable, which suggests that the
superparamagnetic property of MNPs is satisfactory. Super-
paramagnetic nanoparticles are of great interest because they do
not retain any magnetism after removal of the external
magnetic field.

3.2. Fabrication of Monodisperse O/W/O Emulsions
and Magnetic PNB Core—Shell Microspheres. Mono-
disperse O/W/O double emulsions as the templates for
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Figure 2. Characterization of magnetic nanoparticles. (a) TEM image
of TMSPMA-MNPs. The scale bar is 100 nm. (b) FT—IR spectra of
(b1) TMSPMA, (b2) MNPs, and (b3) TMSPMA-MNPs. (c)

Magnetization hysteresis loop of MNPs at room temperature.

synthesis of magnetic PNB core—shell microspheres are
generated from the microfluidic device (Figure 3a and Movie
S1 in the Supporting Information). The magnetic PNIPAM
core—shell microspheres without BISC6Am units are also
prepared in this work as the control group. The magnetic cores
are formed inside the emulsions through the evaporation of
inner ethyl acetate. The generated emulsions, which are used as
templates for synthesis of magnetic PNB and PNIPAM core—
shell microspheres, are shown in Figure 3, panels b and e,
respectively. The size of the inner oil droplets greatly decreases
after being collected for 10 min. In Figure 3, panels ¢ and f
show the optical micrographs of the prepared magnetic PNB
and PNIPAM core—shell microspheres in deionized water at 25
°C, respectively. The magnetic core is completely embedded in
the hydrogel shell after polymerization of the middle aqueous
layer. The size distributions of the emulsion templates and the
resultant magnetic PNB and PNIPAM core—shell microspheres
dispersed in deionized water at 25 °C are shown in Figure 3,
panels d and g, respectively, where dy, d), d,, and d; represent
the diameters of the O/W/O double emulsions, the core—shell
microspheres, the magnetic oil droplets, and the magnetic
cores, respectively. As shown in Figure 3d,g, the sizes of the two
kinds of microspheres and their corresponding inner magnetic
cores are almost the same, which results from the similar size of
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the used emulsion templates. It also indicates that the
introduction of BI8C6Am units has almost no effect on the
size of the resulted core—shell microspheres. The average
diameter of the magnetic oil droplets is a little smaller than the
solid magnetic cores because the magnetic oil droplets are
difficult to be focused in the photograph. The coefficient of
variation (CV), which is defined as the ratio of the standard
deviation of the size distribution to its arithmetic mean, is used
to characterize the size monodispersity. The emulsion
templates, core—shell microspheres, and inner magnetic cores,
whose CV values are all smaller than 5%, all have good
monodispersity due to the microfluidic method.

FT—IR analysis is performed to determine the chemical
composition of the magnetic PNB core—shell microspheres
(Figure 4). The characteristic absorption band of Fe;O, at
586.36 cm™' (curve a) also appears in the spectrum of the
magnetic PNIPAM and PNB core—shell microspheres (curves
c and d). The characteristic absorption peaks of B18C6Am
(curve b), which includes a strong absorption peak at 1514.12
cm™! for C=C skeletal stretching vibration in the phenyl ring
and an absorption peak at 1226.73 cm™" for C—O asymmetric
stretching vibration in Ar—O—R, also appear in the spectrum of
magnetic PNB core—shell microspheres (curve d). The double
absorption peaks at 1386.82 and 1367.53 cm™" are character-
istic peaks for isopropyl group of PNIPAM (curve c), which
also appears in curve d. These results confirm the successful
synthesis of the magnetic PNB core—shell microspheres.

3.3. Magnetic Properties of Magnetic PNB Core—Shell
Microspheres. The inner magnetic cores enable the prepared
core—shell microspheres with a magnetically guided aggrega-
tion to be separated from the decontaminated water. The
magnetic PNB core—shell microspheres show satisfactory
magnetic-responsive aggregation and redispersion properties
in deionized water by applying and removing an external
magnet, respectively (Figure Sa and Movie S2 in the
Supporting Information). The magnetization hysteresis loop
of the magnetic PNB core—shell microspheres at room
temperature is displayed in Figure Sb. The hysteresis and
coercivity are almost undetectable, which suggests that the
magnetic PNB core—shell microspheres remain satisfactory
superparamagnetic property as a result of the MNPs. The
superparamagnetic property of the magnetic PNB core—shell
microspheres is critical for their practical application, which
prevents them from aggregation and enables them to redisperse
rapidly when the magnetic field is removed. The M; of the
magnetic PNB core—shell microspheres is 6.46 emu g~', which
is much lower than that of MNPs (62.77 emu g '). This
significant reduction of M; is mainly attributed to the presence
of nonmagnetic organic components coating on Fe;O, MNDPs.

The content of Fe;O, MNPs in the magnetic PNB core—
shell microspheres can be determined by TGA. The
thermogravimetric curves of Fe;O, MNPs, TMSPMA-MNPs,
and magnetic PNB core—shell microspheres characterized in a
nitrogen environment are shown in Figure Sc. The weight loss
of Fe;O, MNPs is attributed to the gasification of water, and
the residual mass percentage is 97.31 wt % at 700 °C. The
weight loss of TMSPMA-MNPs is attributed to the gasification
of water and decomposition of TMSPMA, and its residual mass
percentage is 84.80 wt % at 800 °C. For magnetic PNB core—
shell microspheres, the PNB networks and TMSPMA begin to
decompose significantly at 300 °C, and the residual mass
percentage is 13.49 wt % at 800 °C. Therefore, it can be
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Figure 3. Template synthesis of core—shell microspheres from O/W/O double emulsions. (a) High-speed optical micrograph showing the
generation of O/W/O double emulsions in a microfluidic device. Optical micrographs of the emulsion templates used for synthesis of magnetic (b)
PNB and (e) PNIPAM core—shell microspheres at about 10 min after formation. The resultant magnetic (c) PNB and (f) PNIPAM core—shell
microspheres in deionized water at 25 °C. Size distributions of the magnetic (d) PNB and (g) PNIPAM core—shell microspheres in deionized water
at 25 °C and their corresponding emulsion templates, where dy, d;, d,, and d; are, respectively, the diameters of the O/W/O double emulsions, the
core—shell microspheres, the magnetic oil droplets, and the magnetic cores. Scale bars are 200 pm.

estimated that the content of MNPs embedded in the magnetic
PNB core—shell microspheres is about 13.49 wt %.

3.4. Effect of pH on Pb?* Adsorption of Magnetic PNB
Core—Shell Microspheres. The ion-adsorption behaviors of
magnetic PNB core—shell microspheres in a mixed heavy metal
ion solution containing Pb**, Cd**, Co**, Cr**, Cu’**, Ni**, and
Zn** with the same initial ion concentration and equilibration
time are investigated at different pH conditions. The relation-
ships between the removal efficiencies of various heavy metal
ions and the pH values of the mixed heavy metal ion solution
are presented in Figure 6. The variation of pH has nearly no
obvious effect on removal efficiencies of all heavy metal ions.
For Pb*, there exists only an 8% difference in its removal
efficiency over a pH range of 2—7. It is worth noting that the
removal efficiencies of magnetic PNB core—shell microspheres
toward Pb*" are always much higher than those toward the
other metal ions at different pH conditions in the range of 2—7.
These results indicate that the magnetic PNB core—shell
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microspheres can effectively and selectively remove Pb**, even
though the external pH value is changed. The slight decrease of
Pb** removal efficiency with a decrease of pH value from S to 2
may be caused by the slight protonation of BI8C6Am at lower
pH, which results in a reduce of complex ability to Pb**.'**
While the slight decrease of Pb*" removal efficiency with
increase of pH value from S to 7 may be caused by the
formation of lead hydroxide, because Pb** will precipitate
slightly when pH is higher than 5.5.%° Therefore, the pH value
of the aqueous solution in the subsequent experiments is
adjusted to S to obtain the optimal adsorption.

3.5. Specific and Selective Adsorption of Pb*" by
Magnetic PNB Core—Shell Microspheres. To examine the
specific and selective Pb** adsorption of magnetic PNB core—
shell microspheres toward Pb**, the batch adsorption perform-
ances of magnetic PNB core—shell microspheres in a mixed
metal ion solution containing Pb**, Cd**, Co**, Cr**, Cu*,
Ni**, Zn?*, K, and Ca®* as the contaminated water are
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Figure 4. FT—IR spectra of (a) TMSPMA-MNPs, (b) B18C6Am, (c)
magnetic PNIPAM core—shell microspheres, and (d) magnetic PNB
core—shell microspheres.
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Figure S. Magnetic properties of magnetic PNB core—shell micro-
spheres. (a) Magnetic-responsive aggregation and redispersion in
deionized water by applying and removing an external magnet,
respectively. (b) Magnetization hysteresis loop of the magnetic PNB
core—shell microspheres at room temperature. (c) Thermogravimetric
curves of (c1) MNPs, (c2) TMSPMA-MNPs, and (c3) magnetic PNB
core—shell microspheres.
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Figure 6. Effects of pH on ion removal efficiencies of magnetic PNB
core—shell microspheres in a mixed heavy metal ion solution
containing Pb*, Cu*, Ni*!, Cr**, Cd*, Co*, and Zn*". The initial
concentrations of the heavy metal ions are all about 40 mg L™". The
amount of PNB microspheres is 9 g L™, and operation temperature is
25 °C.

investigated, and their removal efficiencies at pH 5 are also
studied by the batch adsorption. The removal efficiencies are
calculated from the batch adsorption experiment carried out at
25 °C for 12 h. The magnetic PNB core—shell microspheres
exhibit a much higher Pb** removal efficiency than that of the
other metal ions, as shown in Figure 7. Pb** removal efficiency
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Figure 7. Selective and specific Pb*>* adsorption of magnetic PNB
core—shell microspheres in a mixed metal ion solution containing
Pb%*, Cd**, Co¥, Cr**, Cu*, Ni**, Zn*, K*, and Ca®*. The initial ion
concentrations of Pb*, Cd*, Co*, Cr**, Cu®**, Ni**, and Zn>" are all
about 40 mg L™". The initial ion concentrations of K* and Ca®* are
both 4 mmol L™, which is 20 times higher than that of Pb** (0.2
mmol L™"). The amount of microspheres is 9 g L™, the operation
temperature is 25 °C, and the pH value of the solution is S.

is nearly not affected by the addition of Cd**, Co**, Cr**, Cu*',
Ni**, Zn*, and Ca®'. Even though the initial concentration of
K" (4 mmol L") is 20 times higher than that of Pb** (0.2
mmol L"), the removal efficiency of Pb** is still about 4 times
higher than that of K'. These results also indicate that the
magnetic PNB core—shell microspheres can specifically and
selectively capture Pb** from the mixed ion solution of Cd**,
Co?%, Cr**, Cu®*, Ni*', Zn*', K*, and Ca®" ions. The removal
efficiency of K' is higher than that of Ca*". Such specific
adsorption is caused by the formation of stable crown-ether/
metal-ion complexes, which is dominated by the size/shape
fitting or matching between the host and guest molecules. The
B18C6Am receptors in the magnetic PNB core—shell micro-
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spheres could selectively capture specific metal ions, whose size
fits the cavity size of crown ether well and binds with the cavity
tightly and effectively. The complexes’ stability constant (log K)
of benzo-18-crown-6 with metal ions in water is Pb** > K* >
the other coexisting metal ions.> "' Therefore, the magnetic
PNB core—shell microspheres exhibit selective Pb** adsorption
based on the formation of stable B18C6Am/Pb** com-
plexes.'”*® The magnetic PNB core—shell microspheres in
this study show excellent Pb** adsorption selectivity when
compared with the reported Pb?* adsorption materials’ such as
activated carbon, chitosan, and zeolites; magnetic core—shell
microspheres coated with inorganic materials, such as multi-
walled carbon nanotubes,*! porous carbon,®” and manganese
oxide;*® or magnetic core—shell microspheres coated with
organic materials containing carboxyl groups,>*™** amine
groups,® or thiol groups.>***~*

3.6. Effects of Temperature on Pb?" Adsorption of
Magnetic PNB Core—Shell Microspheres. Because the
skeleton structure is PNIPAM polymeric network, the magnetic
PNB core—shell microspheres exhibit obvious temperature-
responsive volume change both in deionized water and 20
mmol L™ Pb>* solution, as shown in Figure 8a. With increasing
temperature, the magnetic PNB core—shell microspheres show
a thermo-induced shrinking behavior in both deionized water
and Pb*" solution. Obviously, the volume phase transition
temperature (VPTT) of the magnetic PNB core—shell
microspheres shifts to a higher temperature in Pb**-contained
solution (VPTT,) than that in deionized water (VPTT,). Such
positive VPTT shift is also caused by the formation of stable
B18C6Am/Pb** complexes. The repulsion among charged
B18C6Am/Pb** complexes and the osmotic pressure within the
magnetic PNB core—shell microspheres counteract the
shrinkage of the hydrogel networks with the increase of
temperature, thereby resulting in the VPTT shifting to a higher
temperature.

To investigate the effect of temperature on the adsorption
capacity of magnetic PNB core—shell microspheres toward
Pb**, three representative temperatures are chosen from Figure
8a: 25 °C (below VPTT,), 36 °C (between VPTT, and
VPTT,), and 52 °C (higher than VPTT,). The pH values of
the Pb** aqueous solutions are all set at 5. As shown in Figure
8b,c, no matter how the initial concentration of Pb>* or the
amount of magnetic PNB core—shell microspheres varies, the
highest equilibrium Pb*" adsorption capacity is always obtained
at 25 °C at each condition. Such a thermo-induced decrease of
Pb*>" adsorption capacities of magnetic PNB core—shell
microspheres is mainly caused by the decrease of the formation
constant of B18C6Am/Pb*" complexes as temperature
increases.”!* At 25 °C, the formation constant of B18C6Am/
Pb** complex is high, so the cavities of B1I8C6Am units can
capture Pb** efficiently and tightly. As a result, Pb** can be
effectively removed from the environment. As temperature
increases, the formation constant of BISC6Am/Pb*" complex
decreases, and thereby, part of captured Pb** desorbs from the
magnetic PNB core—shell microspheres at a higher temper-
ature. The desorbed Pb>* can be squirted out from the
microspheres, taking advantage of the thermo-induced dramatic
shrinkage of the PNB microspheres. Therefore, the magnetic
PNB core—shell microspheres can be regenerated easily by
simply increasing the operation temperature and washing with
deionized water repeatedly.

3.7. Effect of the Amount of Magnetic PNB Core—
Shell Microspheres on Pb** Adsorption. Pb** adsorptions
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Figure 8. Effects of temperature on the Pb** adsorption capacity of
magnetic PNB core—shell microspheres. (a) Temperature-dependent
diameter changes of magnetic PNB core—shell microspheres in Pb**
aqueous solution (20 mmol L™') and deionized water. (b) Effect of
temperature on the Pb** adsorption capacity with different initial Pb**
concentrations (the amount of adsorbent is 9 g L™*). (c) Effect of
temperature on the Pb** adsorption capacity with different amounts of
magnetic PNB core—shell microspheres (C, = 20 mmol L™"). The pH
values of the solutions are all S.

with different amounts of microspheres as adsorbents are also
performed by the batch adsorption experiments, which are
carried out at 25 °C for 12 h, the initial Pb*" concentration is
fixed at C, = 4200 mg L', and the pH value is S. The
equilibrium Pb** adsorption capacities of magnetic PNB core—
shell microspheres with different amounts of adsorbents are
shown in Figure 9a, and their corresponding Pb** removal
efficiencies are shown in Figure 9b. When the initial Pb*"
concentration is kept constant, the adsorbed amount of Pb**
per unit mass decreases with increasing the amount of
adsorbents. However, as the amount of adsorbents increases,
more Pb?* can be adsorbed, and therefore, the Pb>* removal
efficiency increases. Magnetic PNIPAM core—shell micro-
spheres have the same trend as shown in Figure 9 because of
the physical adsorption. More magnetic PNIPAM core—shell
microspheres provide more physical adsorption sites. However,
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Figure 9. (a) Pb** adsorption capacity and (b) removal efficiency of
magnetic PNB and PNIPAM core—shell microspheres with different
amounts (C, = 20 mmol L™"). The pH values of the solutions are all 5.

compared to magnetic PNB core—shell microspheres, the Pb**
adsorption capabilities of magnetic PNIPAM core—shell
microspheres without BI8C6Am units and their corresponding
Pb** removal efficiencies are very small.

3.8. Evaluation of Pb?" Adsorption Behaviors of
Magnetic PNB Core—Shell Microspheres. The Pb**
adsorption behaviors of magnetic PNB core—shell micro-
spheres with different initial concentrations of Pb** are
investigated with a fixed amount of microspheres (9 g L™!) at
25 °C for 12 h. The pH values of the Pb*" aqueous solutions
are all set at 5. As the initial concentration of Pb** increases, the
Pb** adsorption capacity of magnetic PNB core—shell micro-
spheres increases obviously, but the corresponding Pb**
removal efficiency decreases, as shown in Figure 10, panels a
and b, respectively. Magnetic PNIPAM core—shell micro-
spheres have the same trend. However, the adsorption
capabilities and removal efficiencies of magnetic PNIPAM
core—shell microspheres without BISC6Am units toward Pb**
are much smaller than those of magnetic PNB core—shell
microspheres. Actually, none of the 18-crown-6 units in the
magnetic PNB core—shell microspheres in Figure 10 reach the
complexation saturation toward Pb**. Compared with the
amount of Pb*>" captured on the magnetic PNB core—shell
microspheres, the amount of 18-crown-6 units on the
microspheres is slightly larger. However, compared with the
increase of the initial concentration of Pb*', the increased
amount of captured Pb** is smaller, so Pb** removal efficiency
decreases. The magnetic PNB core—shell microspheres exhibit
a good adsorption capacity toward Pb*". When the initial
concentration of Pb** is 4200 mg L', the adsorption capacity is
up to 114.66 mg g~'; however, the Pb** adsorption capacity of
magnetic PNIPAM core—shell is only 25.95 mg g™
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Figure 10. Adsorption capacity of magnetic core—shell microspheres
toward Pb**. The (a) adsorption capacity and (b) removal efficiency of
magnetic PNB and PNIPAM core—shell microspheres toward Pb**
with different initial concentrations. (c) Adsorption isotherms of
magnetic PNB core—shell microspheres toward Pb**. Amounts of
microspheres are all 9 ¢ L™, operation temperature is 25 °C, and the
pH values of the solutions are all 5.

Freundlich and Langmuir models, which are the most
commonly used theoretical models, are applied to fitting the
Pb** adsorption data of magnetic PNB core—shell micro-
spheres. The Freundlich model and the Langmuir model are
expressed by eqs 3 and 4, respectively.

Freundlich model:

q, = K"

(3)
Langmuir model:
q,.,0C
9.= T ~
1+ bC, (4)

where g, (mg g™") is the equilibrium Pb** adsorption capacity,
Gmax (g g™") is the maximum Pb*" adsorption capacity, C, (mg
L7') is the equilibrium concentration of Pb** in the
surrounding solution, K; and # are the Freundlich constants,
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and b is the Langmuir constant. The isotherm constants
calculated from the Freundlich and Langmuir equations and
their correlation coefficients (R?) at 25 °C are listed in Table 1.

Table 1. Langmuir and Freundlich Isotherm Constants and
Correlation Coefficients of Magnetic PNB Core—Shell
Microspheres toward Pb**

Freundlich Langmuir
n K; R? Gmax (mg g™") b (mL mg™") R?
1.9739 1.5356 0.9452 142.8571 0.7233 0.8131

The calculated Freundlich constant n is 1.9739, which indicates
that the adsorption of Pb** using the prepared magnetic PNB
core—shell microspheres is favorable.”® When the Langmuir
model is used to describe the adsorption of Pb*', the calculated
Gmax 18 142.8571 mg g, which is much larger than the
experimental data (114.66 mg g~'). Moreover, the correlation
coefficient obtained from the Langmuir isotherm model (R* =
0.8131) is lower than that from the Freundlich isotherm model
(R* = 0.9452), which indicates that the Freundlich isotherm
correlates better with the actual experimental data as shown in
Figure 10c. It is also estimated that the structure of magnetic
PNB core—shell microspheres used for Pb** adsorption is
heterogeneous.so’51

3.9. Pb?* Adsorption Kinetics of Magnetic PNB Core—
Shell Microspheres. In addition to Pb** adsorption selectivity
and capacity, which are independent of the size of Pb*"
adsorbents, it is also favorable to investigate the adsorption
rate of magnetic PNB core—shell microspheres toward Pb**.
The dynamic adsorbed amounts of Pb** by the magnetic PNB
core—shell microspheres are calculated using the following
equation:

— (CO - Ct)V

% m (s)

where g, (mg g') is the adsorbed amount of metal ion at time
t; Cy and C, (mg L™') are the concentrations of Pb*" in the
surrounding solution at the initial time and that at time f,
respectively; V (L) is the volume of Pb** solution sample; and
m (g) is the weight of magnetic PNB core—shell microspheres.
In the dynamic Pb** adsorption experiments, the time-
dependent Pb*" adsorption capacity of magnetic PNB core—
shell microspheres is also investigated at 25 °C by fixing the
initial concentration of Pb** at 1 mmol L™}, and the pH value of
the Pb*>" aqueous solution is S. The amount of microspheres is
set at 6 g L™". There is a sharp increase of Pb** adsorption in
the first 7 min and followed by a slow adsorption process, as
shown in Figure 11. The adsorption reaches equilibrium 50 min
later (g, = 7.8 mg g™'). In fact, 90% of Pb** are adsorbed at the
beginning 15 min. Compared with bulk hydrogels, the magnetic
PNB core—shell microspheres show faster Pb** adsorption
because the adsorption rate increases with adsorbent size
decreasing. Such a rapid adsorption rate in this study is
attributed to the large specific surface area of microspheres and
good affinity of BISC6Am toward Pb*".

To further investigate the mechanism of the adsorption
kinetics, the pseudo-first-order model (eq 6) and pseudo-
second-order model (eq 7) are employed to interpret the
experimental data as follows:

ln(qe - qt) =lng, — kt (6)
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Figure 11. Pb adsorption kinetics of magnetic PNB core—shell
microspheres at 25 °C (Cy = 1 mmol L™, the amount of microspheres
is 6 g L', and the pH value of the solution is S).
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(7)

where g, and g, (mg g™") refer to the Pb>" adsorption amount
at equilibrium state and at time t, respectively, and k; (min™")
and k, (g mg™" min™") are the rate constants of the pseudo-
first-order adsorption and pseudo-second-order adsorption
models, respectively.

The plots of the two kinetic models are shown in Figure 11.
The corresponding kinetic parameters and the correlation
coefficients are calculated from the plots and summarized in
Table 2. Compared with the pseudo-first-order model, the
pseudo-second-order model describes the dynamic Pb**
adsorption much better with a much higher correlation
coefficient (R* = 0.9981). Moreover, the calculated value of
the equilibrium Pb*" adsorption capacity predicted by pseudo-
second-order model (8.0710 mg g™') is closer to the
experimental result (7.99 mg g~'). The pseudo-second-order
model usually assumes that the rate-limiting step of adsorption
is the chemisorption between metal ions and binding sites of
adsorbent.>* Therefore, it can be proved that the adsorption
process of Pb*" onto magnetic PNB core—shell microspheres is
controlled by the supermolecular host—guest complexation of
B18C6Am toward Pb*".

3.10. Regeneration of the Magnetic PNB Core—Shell
Microspheres. Taking into account of cost savings, regener-
ation of adsorbents is very important. The regeneration of Pb**
adsorbed magnetic PNB core—shell microspheres can be
implemented simply by increasing the operation temperature
and washing with deionized water. The Pb*" adsorption and
regeneration of magnetic PNB core—shell microspheres are
performed for five cycles, and the results are shown in Figure
12. The magnetic PNB core—shell microspheres show good
thermo-induced reduction of adsorption capacity in each cycle.
The Pb** adsorption capacity at 25 °C only loses 15% after five
adsorption—removal cycles. So, it can be inferred that more
than 85% of the adsorbed Pb** ions can be removed from the
microspheres by increasing the temperature and washing with
deionized water. Compared with the regeneration process of
many previously reported Pb** adsorbents under strong acid
solution,'”* 73374152 the regeneration of the magnetic PNB
core—shell microspheres in this study is much easier and more
environmentally friendly. These results indicate that the
magnetic PNB core—shell microspheres can be easily and
well regenerated and be used repeatedly.
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Table 2. Kinetic Model Parameters of Magnetic PNB Core—Shell Microspheres toward Pb**

first order second order
q (mgg™) R ky (min™") 9. (mg g™) R k, (g mg™" min™") q. (mg g™
825 0.3593 0.0180 1.7773 0.9981 0.0736 8.0710
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Figure 12. Pb** adsorption capacities of magnetic PNB core—shell
microspheres at different regeneration cycles (C, = 20 mmol L™, the
amount of microspheres is 9 g L7}, and the pH values of the solutions

are all §).

4. CONCLUSIONS

In summary, magnetic PNB core—shell microspheres, each with
a magnetic core and a Pb** recognizable poly(NIPAM-co-
B18C6Am) shell, are successfully fabricated using a microfluidic
approach. Although the product output of microfluidic
techniques is still limited at the present stage in usual cases,
many research groups have already devel%ped integrated
microfluidic devices for mass production,® >® so the micro-
fluidic techniques have great potential in the practical mass
production of emulsions and microparticles for environmental
applications on an industrial scale. Using the magnetic PNB
core—shell microspheres as novel adsorbents, the pH value of
the ion solution shows less impact on the Pb2+ removal
efficiency and selectivity. The magnetic PNB core—shell
microspheres exhibit selective and rapid Pb** adsorption
through the formation of stable BISC6Am/Pb** complexes.
Due to the inner magnetic core, the Pb** adsorbed micro-
spheres can be separated from the treated solution through an
external magnetic field. The prepared magnetic PNB core—shell
microspheres exhibit an interesting temperature-dependent
Pb** adsorption behavior, and their Pb** adsorption capacities
decrease with increasing the temperature, which is caused by
the decrease of formation constant of B18C6Am/Pb**
complexes. By simply increasing the operation temperature
and washing with deionized water, the Pb** adsorbed magnetic
PNB core—shell microspheres can be easily regenerated. Our
smart magnetic PNB core—shell microspheres show great
potentials as adsorbents for selective adsorption and separation
of Pb**, which will contribute to the environmental
sustainability.
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