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Abstract

Hypercrosslinked porous polymers have become a hotspot of research by virtue of their high specific surface area, mild
synthesis conditions, and wide source of monomers, which are promising adsorbents for water treatment. In this paper,
4-vinylbenzylchloride (VBC), acrylic acid (AA) and divinylbenzene (DVB) were used to prepare crosslinked microspheres
as a template by reflux precipitation polymerization. On this basis, porous microspheres were prepared by hypercrosslinking
reaction using FeCl; as catalyst. Next, excess FeCl; was used as iron sources for the next solvothermal reaction to prepare
magnetic hypercrosslinked P(VBC-DVB-AA) @Fe;0, microspheres (MHCPMs). The elution step of the hypercrosslinked
product was omitted, while magnetic Fe;O, was introduced. MHCPMs have uniform particle size, high specific surface
area, superparamagnetism and abundant functional groups. After synergistic preparation, the specific surface area of the
MHCPMs-60 was still as high as 654.56 m%/g, and the saturation magnetization strength reached 29.0 eum/g. The magnetic
microspheres could be directly aggregated and separated in the presence of an applied magnetic field. In addition, MHCPMs
were well dispersed in water after vigorous shaking and could be used to adsorb the cationic dye quickly and efficiently. The
adsorption results for methylene blue (MB) well conformed to the Langmuir model (R*=0.999) with a maximum adsorption
of 214.26 mg/g and followed the pseudo-first-order kinetic model. In addition, the MHCPMs-60 showed good reusability
and stability over seven cycles. Therefore, this study proposed a synergistic strategy for the preparation of magnetic porous
polymer microspheres, which exhibited a significant potential application value in many fields.
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1 Introduction

In recent years, industrial and domestic wastewater gener-
ated by rapid industrialization and rapid population growth
have caused serious water pollution [1]. Pollutants include
antibiotics [2], oil spills [3], organic pesticides [4—6], dyes
[7-9], and others [10-12]. Dyes are important materials in
all textile industries and are mainly used to add color to
fabrics. It has been reported that about 40,000 tons of indus-
trial dye wastewater is transferred from different enterprises
every year [13]. These pollutants can have significant nega-
tive impacts on the ecosystem and human health [14]. There-
fore, it is necessary to treat the wastewater before discharge.
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In order to effectively treat dye wastewater, a number
of separation technologies have been developed, includ-
ing physical methods (adsorption, membrane separation,
magnetic separation), chemical methods (electrochemistry,
photochemical and photocatalytic oxidation, ozone oxida-
tion) and biological methods (anaerobic, aerobic, anaero-
bic—aerobic combination) [15]. Among them, adsorption
method is widely used due to its low cost, convenience and
ease of operation [16]. Similarly, many materials have been
used as adsorbents, such as porous carbon [17], chitosan [18,
19], zeolites [20], and ion exchange resins [21]. During the
adsorption process, different compositions and structures of
adsorbents produce different interactions with dyes, such
as van der Waals forces, electrostatic interactions and n-n
interactions, etc., which affect their adsorption effects [22,
23]. In general, the porous structure and active site of the
adsorbent are considered to be the key influencing factors
on the adsorption behavior [24]. For example, Hao et al.
[17] prepared multistage porous carbon using cellulose
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as a carbon precursor with a heat treatment process. And
their specific surface area and pore size were regulated by
changing the holding temperature to obtain higher adsorp-
tion capacity. Porous inorganic materials possess high spe-
cific surface area and controllable pore structure. However,
they lack active sites and need to be functionalized or other
means to improve their performance [25].

Recently, porous organic polymers (POPs) have received
an increased level of research interest due to their special
properties achieved by combining the advanced properties of
both porous materials and polymers [26]. POPs types such
as hypercrosslinked polymers (HCPs) [27], polymers of
intrinsic microporosity (PIMs) [28], conjugated microporous
polymers (CMPs) [29] and covalent organic frameworks
(COFs) [30] have been developed and applied to gas storage
and separation [31], as supports for catalysis [32], adsorbents
[33], energy storage [34], sensors [35], etc. However, the
synthesis of CMPs and some other POPs requires the use
of complex monomer units, expensive transition metal
catalysts, or harsh reaction conditions [36], resulting in
high production costs. Among various POPs, HCPs can
be prepared using cheap FeCl; catalyzed Friedel-Crafts
alkylation reaction. But after synthesis, HCPs have to
be washed several times to remove the catalyst in their
structure. For example, Liu et al. [37] first prepared a lignin-
based copolymer (LCP) precursor by graft copolymerization
of organosolv lignin with 4-vinylbenzylchloride (VBC)
and divinylbenzene (DVB) monomers. Then, the in situ
Friedel-Crafts reaction was implemented in the structure
of the precursor copolymer to obtain the crude product. The
crude product was then filtered, washed alternately with 1%
HCI (v/v), ethanol and distilled water. Finally, they were
purified in ethanol by a Soxhlet extractor to obtain the final
product. In addition, HCPs can be modified by diverse
functional monomers to provide more active sites while
ensuring the porous structure of the adsorbents [38]. When
applying HCPs to the treatment of dye wastewater, some
hydrophilic groups can be introduced on the surface of the
hydrophobic adsorbent to improve its adsorption behavior
[39]. Liu et al. [40] reported that the HCPs (MPD-HCP)
with the introduction of building units containing amino
functional groups, which were able to efficiently extract
nitroimidazole from water, beverage, and honey samples due
to their hydrophilic, microporous structure, and active site.

However, collecting the adsorbent from the dispersed
medium is a difficult task, which may bring about secondary
contamination and cause many inconveniences in practical
applications. Designing magnetic adsorbents may be
an effective and easy way to rapidly collect adsorbents
for further processing [41, 42]. Fe;0, is one of the most
widely used magnetic materials. The common preparation
methods of Fe;O, nanoparticles include the co-deposition
method [43], the mechanical balls grinding method,

high-temperature thermal decomposition method [44],
sol-gel method [45] and the solvothermal method [46].
The solvothermal method is a synthesis method of reaction
precursor formed under certain reaction temperature and
system pressure in vacuum or inert gas system with organic
liquid as solvent. The solvothermal synthesis of Fe;0,
nanoclusters has the advantages of uniform size, strong
controllability, good dispersion, high magnetization and
low requirements for equipment performance, which have
attracted the attention of many researchers. Therefore,
by combining HCPs with magnetic Fe;0,, the magnetic
porous polymer adsorbents not only have good adsorption
properties, but also is easy to be recycled.

In this work, a synergistic and facile method was
proposed to obtain carboxyl-functionalized magnetic
hypercrosslinked porous P(VBC-DVB-AA)@Fe;0,
microspheres (MHCPMs). First, microspheres with different
crosslinking degrees were prepared by reflux precipitation
polymerization using 4-vinylbenzylchloride (VBC) and
acrylic acid (AA) as monomers and divinylbenzene (DVB)
as crosslinking agents. And the addition of AA provided
abundant carboxyl functional groups for seed microspheres.
On this basis, porous microspheres were prepared by
Friedel-Crafts alkylation reaction with FeCl; as catalyst.
Then, the washing process of the hypercrosslinked products
was omitted and the excess catalyst was used as an iron
source for the next step of the solvothermal reaction to
prepare MHCPMs. FeCl; was partially reduced, resulting
in the in-situ generation of Fe;O, magnetic nanoclusters on
the microspheres. Under the action of an external magnetic
field, the magnetic microspheres can be directly aggregated
and separated. And the effects of crosslinking degree of seed
microspheres and catalyst dosage on the formation of the
MHCPMs were investigated. Finally, the adsorption capacity
of MHCPMs to methylene blue (MB) in wastewater was
studied under different adsorption control parameters. The
adsorption process was analyzed by isothermal and kinetic
analysis, and its reusability was evaluated [47-49]. The
experimental results indicated that the MHCPMs-60 could
be used as an efficient, durable and sustainable adsorbent for
water treatment [50, 51].

2 Experimental Section
2.1 Materials

4-vinylbenzylchloride (VBC), acrylic acid (AA),
divinylbenzene (DVB), acetonitrile (ACN), toluene
(TL), and methylene blue (MB) were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd.
Polyvinylpyrrolidone (PVP) was commercially available
from Yuanye Biotechnology Co., Ltd. (Shanghai, China).
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Azobisisobutyronitrile (AIBN) was obtained from Shanghai
Titan Technology Co., Ltd. sodium acetate (NaAc),
ethylene glycol (EG) and 1,2-dichloroethane (DCE) were
provided by Shanghai Lingfeng Chemical Reagent Co.,
Ltd. Anhydrous ferric chloride (FeCl;), ferric chloride
hexahydrate (FeCl;-6H,0), and sodium hydroxide (NaOH)
were all supplied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

3 Preparation of P(VBC-DVB-AA)
Microspheres (PMs)

A simple reflux precipitation polymerization method was
used to synthesize P(VBC-DVB-AA) microspheres (PMs).
First, 120 mL of ACN and 30 mL of toluene were added into
a three-necked flask. Second, 1.5 mL VBC, 1.5 mL of AA
and 4.5 mL of DVB were added to the three-necked flask
with stirring. When the temperature of the reaction solution
stabilized at 89 °C, 0.07 g of AIBN was added under the
protection of nitrogen, and the polymerization reaction was
carried out for 4 h [52]. Finally, the solution was centrifuged,
washed three times with ethanol, and then dried in a vacuum
drying oven to obtain P(VBC-DVB-AA) microspheres.
According to the addition amount of monomer DVB (30%,
40%, 50%, 60% by volume), they were named as PMs-
30,40,50,60, respectively. And the specific feeding quantity
of monomers was tabulated in Table 1.

4 Preparation of Hypercrosslinked
P(VBC-DVB-AA) Microspheres (HCPMs)

Polymerization of hypercrosslinked P(VBC-DVB-AA)
microspheres (HCPMs) was performed as follows: First,
0.5 g of dried PMs were swelled in 20 mL of DCE for 12 h
under magnetic stirring at 35 °C. 1.5 g of FeCl; was ultra-
sonically dispersed in 20 mL of DCE and then added to the
swollen mixture. Second, the original network was formed

microspheres were named as HCPMs-30, 40, 50, 60, respec-
tively. And the specific feeding quantity was tabulated in
Table 2.

5 Preparation of Magnetic Hypercrosslinked
P(VBC-DVB-AA)@Fe;0, Microspheres
(MHCPMs)

Polymerization of magnetic hypercrosslinked P(VBC-
DVB-AA)@Fe;0, microspheres (MHCPMs) was performed
as follows: Firstly, 0.5 g of the above unwashed HCPMs
were dispersed in 80 mL EG by ultrasonication, and then
10 g of NaAc and 0.8 g of H,O were added. The mixture
was transferred to a high-pressure reactor to heat up and
react for a period of time. After cooling, the suspension was
repeatedly centrifuged and washed with deionized water
several times to obtain magnetic porous microspheres, which
were named as MHCPMs-30 and MHCPMs-60 based on the
difference of the template microspheres (the PMs-30 and
PMs-60).

As a control experiment, magnetic P(VBC-DVB-AA)@
Fe;O, microspheres (MPMs) were achieved based on PMs-
60 under the same reaction conditions. And the specific
feeding quantity was tabulated in Table 3.

6 Adsorption Study of Dye

The adsorption capability of MHCPMs towards water
soluble pollutants was evaluated based on the removal of
MB from aqueous solutions. MHCPMs adsorbent (4 mg)
were added to MB aqueous solutions with different initial
concentrations (40 mL, 5-50 mg/L), and then each sample
was shaken at specific temperature and pH for 6 h to reach

Table2 The specific feeding quantity for synthesis of hyper-
crosslinked P(VBC-DVB-AA) microspheres

by stirring the mixture at 45 °C for 5 h via a Friedel-Crafts-  Sample Seed microspheres  (g) DCE (mL)  FeCl, (g)

type hypercrosslinking reaction. Next, the mixture was

heated at 80 °C for 20 h to obtain the porous polymer micro- HCPMs-30  PMs-30 0.5 40 L5

spheres [52, 53]. Finally, the obtained products were recov- HCPMs-40 PMs-40 0540 1.3

ered without washing and dried under vacuum. Based on the HCPMs-50 PMs-50 0540 1.5

previous PMs-30,40,50,60, the achieved hypercrosslinked HCPMs-60  PMs-60 05 40 1.5

Ziﬂﬁgsigﬁf l‘:‘;g:glf‘; Sample DVB (v%)  VBC(v%)  AA(%)  DVB(mL)  VBC(mL)  AA (mL)

synthesis of polymer PMs-30 30 50 20 2.25 375 L5

microspheres PMs-40 40 40 20 3 3 15
PMs-50 50 30 20 3.75 2.25 1.5
PMs-60 60 20 20 4.5 1.5 1.5
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Table 3 The specific feeding

; . Sample Seed microspheres (2 EG (mL) FeCl; (g) NaAc (g) H,0 (g)
quantity for synthesis of :
magnetic hypercrosslinked MHCPM:s-30 HCPMs-30 0.5 80 - 10 0.8
P(VBC-DVB-AA)@Fe;0, MHCPMs-40  HCPMs-60 05 80 - 10 0.8
microspheres
MPMs PMs-60 0.5 80 1.5 10 0.8

adsorption equilibrium. The pH was adjusted using 0.1 M
of both HCI and NaOH in a range of 2 to 12. The experi-
ments were performed from 25°C to 45°C. The adsorption
time optimization was performed using 4 mL of 20 mg/L
MB aqueous solution and 4 mg of MHPMs shaken with
200 rpm at 25°C. MHCPMs were removed magnetically
and the remaining concentration of MB was analyzed by a
UV-2600 spectroscope (Shimadzu, Japan) at a wavelength
of 664 nm (maximum absorbance of MB). The dye removal
efficiency (R) and the adsorption capacity (Q,) were calcu-
lated according to Eqgs. (1) and (2)

~100(Cy - C,)
RO = —— = (1)
Cy—CHV
0, ==X @
m

where V (L) was the volume of the dye solution; C, and C,
(mg/L) were mass concentrations of dyes before and after
adsorption; m (g) was the mass of MHCMPs; and Q, (mg/g)
was the adsorption capacity of MHCMPs.

To test the recycling performance of MHCPMs,
continuous adsorption—desorption experiments were
performed on MB solution. After the adsorption process, the
adsorbent was separated using a magnet and then thoroughly
washed with deionized water and ethanol. After drying at
60°C overnight, the regenerative adsorbent was used again.

7 Characterization

Fourier transform infrared spectroscopy (FTIR) and UV-vis
absorption spectroscopy were performed on a Nicolet-5700
spectroscope (Asheville) and a UV-2600 spectroscope (Shi-
madzu, Japan). Transmission electron microscopy (TEM,
FEI, USA) at an acceleration voltage of 200 kV and field-
emission scanning electron microscope (SEM, FEI Inspect
F50, USA) operated at 12.5 kV were used to characterize the
morphologies of materials. In order to obtain the elemen-
tal distribution map, energy-dispersive X-ray spectroscopy
(EDX) was carried out in conjunction with TEM. The crys-
talline patterns of the magnetic microspheres were obtained
using an Ultima IV powder X-ray diffraction (XRD, Shi-
madzu, Japan). Thermogravimetric analysis (TGA) was per-
formed on a TG-209 F-3 instrument (NETZSCH, Germany)

and the samples were heated to 800 °C in nitrogen gas at
a rate of 20 °C/minute. The magnetic properties of the
microspheres were measured by the VSM-7407 vibrating
sample magnetometer (VSM, Lake Shore). The N, adsorp-
tion isotherm (77 K), surface areas and pore size distribu-
tion of the porous microspheres were determined using an
Quantachrome Autosorb IQ MP specific surface and poros-
ity analyzer (BET, Micromeritics). The zeta potential of the
samples was tested by a NanoBrook multi-angle particle size
potential analyzer from Brookhaven, USA.

8 Results and Discussion

8.1 Characterization of Hypercrosslinked
P(VBC-DVB-AA) Microspheres and Magnetic
Hypercrosslinked P(VBC-DVB-AA)@Fe;0,
Microspheres

The steps required for the preparation of MHCPMs and
MPMs are outlined in Scheme 1. First, P(VBC-DVB-AA)
microspheres with different DVB contents were prepared by
reflux precipitation polymerization. Next, the crosslinked
microspheres were achieved by Friedel-Crafts alkylation
reaction using FeCl; as a catalyst, followed by centrifuga-
tion to remove the solvent and drying without washing. Then
the hypercrosslinked microspheres were used as templates
and the catalyst was used as iron sources. MHCPMs were
obtained by in situ generation of Fe;O, nanoparticles on
the surface of the hypercrosslinked microspheres by solvo-
thermal reaction. And as a control experiment, MPMs were
obtained directly by solvothermal reaction of the crosslinked
microspheres without hypercrosslinking process. In this
synthesis of MHCPMs, FeCl; was used both as a catalyst
for the hypercrosslinking process and as sources of iron for
secondary use, which simplified the experimental steps and
saved resources.

In order to track the above synthesis process (Scheme 1),
SEM and TEM images were utilized to characterize the
products of each step. As shown in Fig. 1a, b, the P(VBC-
DVB-AA) seed microspheres had relatively smooth surface
and narrow particle size distribution of (2.05+0.10) pm and
(2.78 £0.05) pm, respectively. Due to the selection of the
solvent for the supercross-linking reaction, the seed micro-
spheres required a certain degree of cross-linking to main-
tain their morphology and dispersibility in the subsequent
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Scheme 1 Schematic Diagram of P(VBC-DVB-AA)@Fe;0, Microspheres (MPMs) and Hypercrosslinked P(VBC-DVB-AA)@Fe;0, Micro-

spheres (MHCPMs)

reaction. Meanwhile, the incorporation of the cross-linker
DVB also enabled the oligomers of VBC and AA to be suc-
cessfully precipitated from the mixed solvent of acetonitrile
and toluene. Seed microspheres with different particle sizes
and crosslinking degrees could be prepared by changing the
ratio of monomer VBC and DVB, as shown in Fig. S1. In
general, the microsphere particle size gradually increased
as the ratio decreases. This may be due to the fact that when
the content of DVB was low, some of the oligomers were
dissolved in the solvent and cannot be precipitated out [54].

The surface of the microspheres was significantly rough-
ened and there was a uniform contrast between light and
dark after the hypercrosslinking reaction as shown in
Fig. 1d. The polymer chains of PMs were network structure
under the action of DVB. Them were fully extended under
the swelling of solvent 1, 2-dichloroethane, and were fixed
by a large number of methylene bridges formed in the post-
crosslinking process. When the solvent was removed at the
end of the reaction, the molecular chains were still fixed in a
dispersed state, thus forming pores. At this time, the hyper-
crosslinked microspheres HCPMs-30 and HCPMs-60 still
maintained a good spherical shape with narrow particle size
distributions of about (2.23 +0.05) pm and (2.89+0.10) pm,
respectively. Compared with seed microspheres, the parti-
cle size of HCPMs increased by about 100 nm to 200 nm,
which was consistent with the swelling PMs were fixed by
methylene bridges.

@ Springer

The morphology of magnetic hypercrosslinked P(VBC-
DVB-AA)@Fe;0, microspheres was observed by SEM
(Fig. le, f and h) and TEM (insets). As shown in Fig. le,
f, magnetic Fe;O, nanoparticles were prepared by solvo-
thermal method, and in situ grew into Fe;O, nanoclusters
by chelating on HCPMs, which were uniformly distributed
on the surface of the microspheres. The Fe,O, nanoclusters
had narrow particle size distribution (about 150 +20 nm)
and uniform sphericity. Due to the coating of Fe;0, nano-
clusters, the average particle size of the MHCPMs-30 and
the MHCPMs-60 increased by about 200 nm to 300 nm over
HCPMs. After several hours of reaction at high tempera-
ture (about 200°C), HCPMs still maintained regular spheri-
cal shape and showed good monodispersity, and no dam-
aged microspheres were observed in a large range of SEM
images, which proved the stability of HCPMs. The particle
size of the Fe;0, nanoclusters and their distribution density
on the surface of the template microspheres could be con-
trolled by changing the amount of FeCl; catalyst during the
hypercrosslinking process. The appropriate amount of FeCl,
can ensure that the pore structure of the hypercrosslinked
microspheres was exposed while the microspheres still had
high magnetic responsiveness. Figure 1h is SEM and TEM
(inset) images of the MPMs. Under the same reaction condi-
tions, the Fe;0, nanocluster shells on the MPMs were more
compact than those on the MHCPMs. This may be due to
the loss of some FeCl; when the solvent was removed after
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Fig. 1 The morphology characterization of different microspheres. a,
b SEM images of the PMs-30 and PMs-60; ¢, d SEM images of the
HCPMs-30 and HCPMs-60; e, f SEM and TEM (inset) images of the
MHCPMs-30 and the MHCPMs-60; g SEM and particle size distri-

the hypercrosslinking reaction. It was also possible that the
alkaline environment of the solvothermal reaction led to the
hydrolysis and oxidation of the chloromethyl groups of the
PMs to carboxyl groups, which chelated more Fe**. For the
MPMs, an increase in the concentration of Fe** could form
dense shell layers on the surface of the PMs (Fig. S2).

In order to further explore the distribution of Fe;O,
nanoparticles inside the magnetic hypercrosslinked P(VBC-
DVB-AA)@Fe;0, microspheres, ultrathin sections of
MHCPMs were characterized by TEM. As show in Fig. 1i-1
and Fig. S3, it could be seen that the Fe;0, nanoparticles
were uniformly dispersed on the surface of HCPMs in
spherical shape. The speculation was further confirmed
on the EDX mapping. This indicated that the Fe;O,
nanoparticles were successfully attached to the microsphere
surface without clogging the porous structures inside the
hypercrosslinked microspheres.

To investigate the components of the materials, FTIR
analyses of PMs, HCPMs, MHCPMs and MPMs were
performed. Curves of PMs-30 and PMs-60 show the FTIR

bution (inset) images of the MHCPMs-60 with different magnifica-
tions; h SEM and TEM (inset) images of the MPMs; i TEM images
of ultrathin sections of the MHCPMs-60; j-1 EDX mapping for the
ultrathin sections of the MHCPMs-60

spectra of PMs obtained with 50% and 20% VBC comono-
mer addition, respectively. Both curves show C-H stretch-
ing vibration peak at 3020 cm™!, C-H stretching vibration
peak at 832 cm™!, and C =C stretching vibration peak at
1600, 1500 and 1450 cm™" on the benzene ring. In addition,
the O—H stretching vibration peak at 3448 cm™!, the C=0
stretching vibration peak at 1725 cm™' and the C-O stretch-
ing vibration peak at 1167 cm™' belong to the carboxyl
group, a functional group of AA monomer. The presence
of C—Cl stretching vibration peak at 676 cm™' and = C-H
in-plane bending vibration peak at 1265 cm™! confirm the
inclusion of the VBC monomer. And compared with the
curves of the PMs-30 and the PMs-60, it could be concluded
that with the decrease of VBC monomer content, the inten-
sity of the above two peaks also decreased significantly. The
above FTIR results confirmed the successful copolymeriza-
tion of VBC, DVB and AA.

After the Friedel-Crafts alkylation reaction, the
characteristic peaks of the chloromethyl groups at
1265 cm™!, 676 cm™' almost completely disappeared, while
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the positions of other peaks were substantially unchanged.
It indicated that the chloromethyl groups were consumed
through hypercrosslinking [55] and the rigid methylene
cross-linking bridges were connected in the polymer
chains [56]. Subri et al. [55], Zhang et al. [56], and Li
et al. [57] reported similar results. Thus, this indicated that
hypercrosslinking of P(VBC-DVB-AA) microspheres was
successfully carried out.

In the next solvothermal process, iron ions were chelated
and adsorbed by the carboxyl functional group of monomer
AA, thus forming and assembling Fe;O, nanoclusters on the
template microspheres. In curves of the MHCPMs-60 and
the MPMs, the Fe—O stretching vibration peak at 580 cm™"
confirms the formation of Fe;O,. In summary, magnetic
hypercrosslinked P(VBC-DVB-AA)@Fe;0, microspheres
and magnetic P(VBC-DVB-AA) @Fe;0, microspheres have
been successfully synthesized.

XRD characterization of the MPMs, the MHCPMs-30
and the MHCPMs-60 was performed to determine the crystal
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¢ TGA curves of the PMs-30, the MPMs, the HCPMs-30, the
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form of the Fe;O, nanoparticles. The diffraction peaks of
the three synthesized magnetic microspheres were consistent
with those of typical magnetite, as shown in Fig. 2b. The dif-
fraction peaks at 20=30.12°, 35.48°, 43.12°, 53.50°, 57.03°
and 62.63° were attributed to the crystalline planes (220),
(311), (400), (422), (511) and (440) of Fe;0,, respectively.
These results indicated that the Fe;O, nanoparticles with
cubic spinel structure were successfully synthesized [58].
In addition, the diffraction peak intensity of each sample
was also related to the density of Fe;O, nanoclusters on the
surface of the microspheres, which was consistent with the
SEM results.

The thermal stability of the PMs-30, HCPMs-30,
MHCPMs-30 and MHCPMS-60 was characterized by ther-
mogravimetric analysis (TGA) under N, atmosphere, and
the curves are shown in Fig. 2c. At the initial stage, all four
samples showed a slight mass loss due to the evaporation of
water adsorbed by the hydrophilic groups and porous struc-
ture. And the weight loss of the four samples at this stage
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was about 10%. Subsequently, significant weight loss began
to occur from about 300 °C to 500 °C, which was thought
to be due to decomposition of the polymer organic skel-
eton. At this time, the HCPMs-30 and MHCPMs still had
more than 40% remaining mass compared to crosslinked
seed microspheres. After 550 °C, the weight loss of the
hypercrosslinked microspheres and magnetic microspheres
appeared in the third stage, which may be related to the
hypercrosslinking process. It may be due to the final decom-
position of crosslinked or hypercrosslinked aromatic groups.
The final residual mass ratio of the PMs-30 and HCPMs-30
was 11.4% and 31.5%, respectively, indicating that the ther-
mal stability of the microspheres was significantly improved
by the hypercrosslinking process. In addition, the residual
mass ratios of the MPMs, MHCPMs-30 and MHCPMs-60
were 31.6%, 43.5% and 43.9%, respectively. Based on
these data, the weight percentage of Fe;0, in the MPMs,
MHCPMs-30 and MHCPMs-60 was estimated to be 20.1%,
12.0% and 12.4%, respectively.

The magnetic behaviors of the MPMs, the MHCPMs-30
and the MHCPMs-60 were also measured by using a vibrat-
ing sample magnetometer. Comparison of the three curves
in Fig. 2d shows that the saturation magnetization inten-
sity value of the MPMs was 46.3 emu/g, which was higher
than that of the MHCPMs-60 (Ms=29.0 emu/g) and the
MHCPMs-30 (Ms=23.7 emu/g). This phenomenon may be
due to the higher concentration of Fe* in the PMs’ system
under the same reaction conditions. Combined with TEM
images (Fig. 1), it can be seen that Fe;0, nanoclusters on the
MPMs surface were more densely arranged and had larger
particle sizes. At the same time, the local TEM and electron
diffraction images of the MPMs (Fig. S4) shows that Fe;0,
nanoclusters had grown into single crystal particles. There-
fore, the MPMs had a certain degree of coercivity and exhib-
ited paramagnetism. In contrast, the Fe;O, nanoclusters of
the MHCPMs-30 and the MHCPMs-60 had rough surfaces
and were composed of many small size Fe;O, nanoparticles,
which were polycrystalline. This made the Fe;O, nanoclus-
ters of MHCPMs not only have the paramagnetic properties
of Fe;O, nanoparticles, but also acquire stronger magnetic

Fig.3 a magnetic separa-

tion photographs of the a
MHCPMs-60; b magnetic

separation photographs of the
MHCPMs-60 after adsorption

of dye

properties due to the aggregation of Fe;O, nanoparticles.
And the hysteresis loops also proved that MHCPMs exhib-
ited near-zero coercivities and remanence. As a result, these
microspheres can be easily magnetically separated (Fig. 3),
which is a major advantage of magnetic adsorbents in waste-
water treatment.

The N, sorption isotherms and pore size distribution of
the HCPMs-1, HCPMs-4, MHCPMs-30, and MHCPMs-60
are presented in Fig. 4. According to the [IUPAC[59] clas-
sification method, all the above samples were typically char-
acterized by type-I classification. When the relative pressure
was less than 0.1, there was a rapid rising phase in the curves
of all samples, indicating that they had a well-developed
microporous structure. With the increase of relative pres-
sure, the adsorption increased slowly, and when the relative
pressure was between 0.4 and 1, a hysteresis loop could be
observed, which was most obvious for the HCPMs-30, indi-
cating the presence of mesoporous structures in the micro-
spheres. Combined with the pore size distribution diagram,
it can be proved that the pore structures of the microspheres
were mainly microporous structures, and also contained
some mesoporous structures with a diameter of about
2 ~4 nm. In addition, Fig. S5 showed that the N, adsorption
isotherms of PMs were close to type-III classification, indi-
cating that the PMs-30 and the PMs-60 may be nonporous or
macroporous solid materials. Comparing the N, adsorption
isotherms of PMs and HCPMs, the N, adsorption capacity
of HCPMs were much larger than that of PMs under the
same relative pressure, which suggested that HCPMs have
larger specific surface areas. This may be attributed to the
formation of a large number of micropores through methyl-
ene crosslinking bridges during the Friedel-Crafts reaction,
indicating the successful conduct of hypercrosslinking.

The specific surface area, the pore volume, and the aver-
age pore diameter of HCPMs and MHCPMs calculated using
standard procedures from N, adsorption isotherms are given
in Table 4. The specific surface areas of the PMs-30 and the
PMs-60 were merely 4.21 m%/g and 7.31 m?/g, which may
be due to the formation of pores by particle stack or the
accumulation of N, at the most attractive parts of its surface.

b
L3
: ' ~ ‘:17
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Fig.4 a, b N, adsorption—desorption isotherms and the mesopore pore size distribution (inset) of the HCPMs-30 and the HCPMs-60; ¢, d N,
adsorption—desorption isotherms and the mesopore pore size distribution (inset) of the MHCPMs-30 and the MHCPMs-60

This was consistent with the N, adsorption isotherm results
of the PMs above. Compared with the seed microspheres
of the PMs, the results indicated that the hypercrosslink-
ing reaction produced extensive porosity in the HCPMs by
generating numerous crosslinked bridges. In addition, the
microporous area of the HCPMs gradually increased with
the increase of DVB concentration in the monomer mixtures,
whereas the average pore size gradually decreased. When
the microporous surface area reached the maximum value
of 658.74 m*/g, the specific surface area of the microspheres
also reached a relatively high value of 890.47 m?/g. This
may be attributed to the fact that DVB acts as a crosslink-
ing agent to provide the microspheres with a preliminary
crosslinking immobilization network during the copolym-
erization process. In the hypercrosslinking process, when
the content of DVB was low, the chloromethyl functional
groups on the benzene ring were more likely to contact with
the molecular chains of the benzene rings that were far away
from each other, and larger pore structures were formed;

@ Springer

when the content of DVB was high, the molecular chains of
the microspheres can only be in the stretching state, and the
benzene rings can only be crosslinked with the neighboring
benzene rings, so that the denser crosslinked network was
obtained in the end, and the size of pore size decreased in
comparison [60].

The specific surface area and pore structure of adsorbents
play an important role in the adsorption process, and the
HCPMs-30 and the HCPMs-60 possessed higher specific
surface areas, so they were chosen to the synergistic fabrica-
tion of magnetic porous microspheres (the MHCPMs-30 and
the MHCPMs-60). And their N, adsorption isotherms and
pore size distributions are shown in Fig. 4c, d, respectively.
Compared with the hypercrosslinked microspheres, the sur-
face area of the magnetic microspheres decreased, but still
remained above 600 m*/g. The pore volume also decreased,
but the average pore size increased slightly, which may be
due to the blockage of some of the micropores by Fe;0,
nanoparticles. Combined with the TEM images of ultrathin
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Table 4 Physicochemical Samples DVB:VBC D,? Sper®  Smiee Vi Ve APD' ../ Spert

parameters of the serial ) ) 3 3

microspheres (Content, v/v) (pm) (m“/g) (m%/g) (cm’/g) (cm’/g) (nm) (%)
PMs-30 3:5 2.05+0.10 421 0 0.013 0 1.34 -
PMs-40 4:4 1.99+0.15 - - - - - -
PMs-50 5:3 2.20+0.11 - - - - -
PMs-60 6:2 2.78+0.05 731 0 0.0246 0 1.35 -
HCPMs-30 - 2.23+0.05 88276 357.59 0430 0.146 229 34.0%
HCPMs-40 - 2.14+0.06 737.46 50440 0352 0.213 228  60.5%
HCPMs-50 - 2.34+0.07 782.02 53838 0.370  0.228 225  61.6%
HCPMs-60 - 2.89+0.10 890.47 658.74 0.408  0.280 2.09 68.6%
MHCPMs-30  — 235+0.10 648.05 245.13 0.343 0.100 2,67  292%
MHCPMs-60  — 3.15+0.10 654.56 479.57 0.312  0.206 223 66.0%

the average particle diameter of the prepared microspheres;

BET surface area: computed from the N, adsorption isotherms and BET analysis;

“micropore area: calculated using t-Plot method;

dTotal pore volume: calculated at P/P,=0.99;

“micropore volume: calculated using t-Plot method;

faverage pore diameter;

¢t-Plot micropore area / BET surface area

sections of the MHCPMS, it can be seen that the Fe;0, nano-
clusters chelated on the porous microspheres only covered a
part of the pore structures on the surface of the microspheres
and no obvious magnetic particles were observed inside the
microspheres. Therefore, MHCPMs still retained consider-
able surface areas and pore volumes.

9 Adsorption of MB on MHCPMs
9.1 Effect of the Initial pH Value

After the detailed characterization, the prepared MHCPMs
had the characteristics of large specific surface area, strong
magnetic properties and surface functionalization. The
microspheres were rich in carboxyl functional groups,
which can adsorb cationic dye (MB) in water by electrostatic
interaction. Therefore, the pH of the MB solution was
critical to the adsorption capacity of adsorbents due to the
charge distribution. The adsorption performance of the
adsorbent under different conditions was analyzed using
UV-Vis spectrophotometer.

Firstly, the effect of pH on the adsorption performance
of the MHCPMs-60 was investigated. Using 40 mL
of 15 mg/L MB solution, the pH was adjusted to 2—12
with 0.1 mol/L HCI or 0.1 mol/L NaOH solution, and
added 4 mg of the adsorbent. Figure 5a shows that the
dye removal rate increased significantly with increas-
ing pH. To elucidate this effect, the zeta potential of the
MHCPMs-60 microspheres was measured at different

pH. The results indicated that the zeta potential of the
microspheres showed a negative to positive trend with
increasing pH, which could be attributed to the presence of
carboxyl functional groups in the MHCPMs-60. Alkaline
conditions would promote the ionization of the carboxyl
group, resulting in the microspheres acquiring more nega-
tive charge. Thus, the electrostatic adsorption effect of the
microspheres on cationic dyes was stronger. Under acidic
conditions, the concentration of H* was higher, which may
inhibit the ionization of the carboxyl groups or form com-
petitive adsorption with cationic dyes on the microsphere
surface. This led to a decrease in the adsorption capacity
of the microspheres for dyes. However, even at the pH
of 2, the removal rate of MB remained at 78%, indicat-
ing that the adsorption of dyes by microspheres was not
only controlled by the electrostatic interaction. When the
pH value of the solution was 7, the removal rate of MB
from MHCPMs-60 was still as high as 96.3%. Therefore,
in order to avoid secondary pollution, neutral conditions
were selected for follow-up experiments.

9.2 Effect of the Initial MB Concentration

Subsequently, the adsorption properties of the MPMs,
MHCPMs-30 and MHCPMs -60 in aqueous neutral meth-
ylene blue solutions with different initial concentrations
were studied separately. Figure 5b shows the effect of dif-
ferent initial concentrations of methylene blue solutions
on the adsorption capacity. The MB adsorption on the
MHCPMs-60 increased from 49.9 to 214.26 mg/g as the
initial concentration was increased from 5 to 50 mg/L. The
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pH=17); ¢ effect of contact time for MB adsorption (pH=7, T=25C,

MHCPMs-30, which possesses similar specific surface area
to the MHCPMs-60, only increased its MB adsorption from
49.9 to 156.4 mg/g. Combined with Table 1, it can be seen
that the average pore sizes of both the MHCPMs-30 and
MHCPMs-60 were around 2-3 nm, while the particle size
of the MHCPMs-60 was larger. Therefore, the combined
consideration of the size of the dye molecules and the steric
effects in the adsorption process ultimately led to the higher
adsorption capacity of the MHCPMs-60. The same adsorp-
tion was observed on the MPMs without hypercrosslinking,
but the MB adsorption increased from 43.5 to 80.7 mg/g,
which was much lower than that on the MHCPMs. In con-
trast, the adsorption of MB by the MPMs was driven by
hydrogen bonding and electrostatic interactions between
the microspheres and MB, whereas the source of adsorp-
tion driving force for the MHCPMs was also coupled with
their rich porous structure.
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9.3 Effect of Adsorption Temperature

Under the conditions of 25-45 °C, 4 mg of magnetic
microspheres were added to 40 mL of 5-50 mg/L. methylene
blue solution, and the effect of different temperatures on
the adsorption of MB solution was investigated. As show
in Fig. S6, the equilibrium adsorption amount of the dye
decreased when the adsorption temperature was increased
from 25 °C to 45 °C, and the dye removal rate also decreased.
The experiments indicated that the low temperature was
more favorable for the adsorption process.

9.4 Effect of Adsorption Time

As the results shown in Fig. 5C, the adsorption capacity of
the MHCPMs-30 and MHCPMs-60 initially increased with
the increase in time and then gradually remained unchanged.
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More than 90% of the dye was removed within 30 min and
the reaction reached equilibrium within 60 min. Based on
the slope of the curves, the samples exhibited a fast removal
rate for MB in the initial stage, and up to 73% of MB was
removed in the first 5 min. As the reaction time was extended
further, the rate of adsorption slowed down significantly.
This was in line with the property of microporous materials
to reach adsorption equilibrium quickly.

9.5 Adsorption Isotherms

To further understand the adsorption process and
evaluate the adsorption capacity of the MHCPMs-30and
MHCPMs-60 on MB more comprehensively, the Langmuir
and Freundlich models were applied to analyze the
adsorption equilibrium process characteristics at 25°C and
pH=7. The linearized Langmuir and Freundlich adsorption
isotherm equations were:
Langmuir equation:

Ce — CE + 1 3
Qe Qm QmKL ( )
Freundlich equation:
InQ, = InKp + llnCe 4)
n

where the C, (mg/L) was represented for the equilibrium
adsorption concentration of MB; the Q, (mg/g) was the
equilibrium sorption capacity of adsorbent; Q,, (mg/g) was
the theoretical maximum adsorption capacity of adsorbent;
K, (L/mg) was the Langmuir equilibrium constant; Kg
(mg'~"L"/g) was the Freundlich equilibrium constant; 1/n
was the adsorption degree.

The equilibrium curves of the Langmuir and Freundlich
isotherms for the two adsorbents are depicted in Fig. 6a, b,
and the relevant parameters are given in Table 4. It could
be seen that the Langmuir model well described the MB
adsorption process for both adsorbents, in particular, the cor-
relation coefficient for the MHCPMs-60 was 0.9999 (0.9168
for Freundlich isotherm). This indicated that the adsorption
process was homogeneous and monolayer in the concentra-
tion range studied [61]. The value of the maximum adsorp-
tion capacity (Q,,) calculated from the Langmuir model for
the MHCPMs-30 was 215.52 mg/g, which was consistent
with the experimental value (214.26 mg/g). In addition, the
n value of the Freundlich adsorption model was greater than
one, which indicated that MHCPMs had better adsorption
performance and great MB removal potential (Table 5).

9.6 Adsorption Kinetics Study

In order to understand the adsorption process of methyl
bromide by the MHCPMs-30 and the MHCPMs-60
composites, pseudo-first-order kinetic model and pseudo-
second-order kinetic model[62] were used to simulate the
experimental data at 25°C and pH =7. The equations of the
above two models were expressed as follows:

0,=0,(1 —exp™) o)
o1 .t
0, k0 0, ©)

where Q, (mg/g) was the adsorption capacity at equilibrium
time, Q, (mg/g) was the adsorption capacity at any time,
k, (min~") and k, (g/mg-min) were the pseudo-first order
rate constant and pseudo-second-order rate constant,
respectively.

The results of the model fitting are shown in Fig. 6c¢, d,
and the kinetic parameters and correlation coefficient values
R? determined by linear regression are listed in Table 6.
Pseudo-first-order equation better described the adsorption
kinetics of MB onto the MHCPMs-30 and MHCPMs-60
composites than pseudo-second-order equation. In addition,
the Q, values of the pseudo-first-order model were very
close to the experimental values. Hence, the pseudo-first-
order kinetic model was suitable to describe the rate of MB
adsorption by MHCPMs at concentration studied. The above
results indicated that the external diffusion was a significant
step in adsorption, and that the process was pore-filling or
physical adsorption [63]. In addition, dye molecules may
form imaginary bonds as a result of the mutual interactions
with active sites on MHCPMs via electrostatic interaction,
and van der Waals and dispersive forces [64]. For instance,
electron transfer occurred between the carboxyl group
of MHCPMs and the nitrogen atom in MB, forming an
adsorption chemical bond [47]. It is also suggested that these
bonds are relatively weak, and the adsorption is therefore
reversible.

9.7 Recycle Performance of the MHCPMs-60

As shown in Fig. 5d, the recyclability of the MHCPMs-60
was investigated. It can be seen that the adsorption capac-
ity of the MHCPMs-60 gradually decreased with the
increase of the number of cycles. This may be due to the
presence of carboxyl groups in the microspheres, which
form chemical bonds with the dye molecules, resulting
in the dye difficult to completely remove during elution.
However, the adsorption capacity of the prepared micro-
spheres mainly depended on the rich pore structures, so
the dye adsorption capacity still remained at a high level.
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order plots for MB adsorption (pH=7, T=25C, C;,=20 mg/L)

Table 5 Sorption isotherm
parameters for MB adsorption
onto adsorbent (pH=7, 25°C)

Table 6 Fitting parameters
of MB adsorption kinetic on
prepared magnetic microspheres

After seven consecutive adsorption—desorption cycles
at the concentration of MB solution of 10 mg/L, the dye
removal rate of the MHCPMs-60 was still above 90%. This
indicated that the MHCPMs-60 exhibited good stability

and recyclability.
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Langmuir isotherm

Freundlich isotherm

Qe (Mg/2) K, (L/mg) R? K (mg! ™ LYg) n R?
MHCPMs-1 154.56 5.303 0.9998 109.300 6.053 0.9468
MHCPMs-2 215.5 8.702 0.9999 147.363 7911 0.9168

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

k, (min~h Q. (mg/g) R? k, (g/mg-min) Q. (mg/g) R?
MHCPMs-1 0.274 125.83 0.9900 2.119 122.00 0.9317
MHCPMs-2 0.257 180.92 0.9949 3.989 174.69 0.9215

Above all, we could draw the conclusion that the adsorp-
tion process of MB was a Langmuir process and the adsorp-
tion behavior belonged to the pseudo-first-order model.
The adsorption behavior of MHCPMs on MB was mainly

related to their abundant porous structure, hydrogen bonding
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Table 7 Comparison of MB maximum sorption capacity of prepared MHCPMs-60 with other adsorbents

Adsorbents SgET Qpnax (mg/g) References
(m*/g)
Triptycene-based super-crosslinked porous polymer (TPP-PP) 698.14 159.8 1[65]
Fe;0,/GON/CA-CDP composite - 173 2 [66]
Mesoporous glass microspheres 364 140.57 3[67]
B-CD/AC aerogel 188.56 166.67 4 [68]
High porosity hypercrosslinked polymers (HCP-TNP) 1700.2 409.1 5[69]
Amino-functionalized porous hydrogel material P-(EA-B-CD/KHA/AC) 30.08 262.31 6 [70]
Yolk-shell magnetic porous organic nanospheres 538 134 7[71]
P(MMA-co-GMA)@Fe;0,@PMAA microspheres - 124.97 8 [72]
Multifunctional PMMA @Fe;0,@DR - 113.25 9[73]
HP(VBC-DVB-AA)@Fe;0, 654.56 214.26 This work

interactions, electrostatic interactions and chemical sorption
between the MHCPMs and MB. The introduction of car-
boxyl functional groups can provide more adsorption sites
on the surface of the porous channel. Moreover, the abun-
dant porous structures further improved the accessibility
of the adsorption sites and accelerated the full adsorption.
The comparison of the maximum MB adsorption capacity
of the MHCPMs prepared in this paper with other adsor-
bents reported in recent literature is shown in Table 7. The
preparation of MHCPMs made secondary use of the cata-
lyst to obtain magnetic porous microspheres, which was not
only environmentally friendly, but also achieved the effect
of rapid separation. At the same time, MHCPMs also had
excellent adsorption and cycling properties. Therefore, the
MHCPMs were a more highly efficient adsorbent for the
removal of MB than several other sorption materials, which
had a great potential application in water treatment.

10 Conclusions

In summary, this work proposed a synergistic and fac-
ile method for preparing magnetic hypercrosslinked
porous polymer microspheres. Friedel-Crafts alkylation
reaction of P (VBC-DVB-AA) microspheres with differ-
ent crosslinking degrees was carried out with FeCl; as
catalyst to obtain hypercrosslinked porous microspheres.
Without any washing operation, the catalyst in the previ-
ous step was used as the iron source of the solvothermal
reaction, and Fe;0, nanoclusters were in-situ generated on
the surface of the hypercrosslinked microspheres to obtain
MHCPMs. In this method, the catalyst was reused, which
saved resources and avoids the problem that the products
of hypercrosslinking reaction are difficult to clean. Simul-
taneously, the use of polymer microspheres with differ-
ent crosslinking degrees as seed microspheres not only
regulated the pore size structures of the hypercrosslinked

microspheres, but also greatly improved the rigidity and
solvent resistance of the microspheres. And the monomer
AA was introduced into the seed microspheres to provide
rich functional groups for the hypercrosslinked micro-
spheres. MHCPMs were characterized by SEM, TEM,
EDX, XRD, FTIR, TGA, VSM and BET. The characteri-
zation results indicated that the MHCPMs-60 had the char-
acteristics of uniform particle size, high specific surface
area (654.56m?/g), superparamagnetism and a high satura-
tion magnetization (29.0 emu/g). According to the char-
acteristics of this microspheres, it was applied to remove
cationic dyes from water. The experimental results indi-
cated that MHCPMs can quickly and effectively remove
methylene blue dye from water. They had a high specific
surface area and abundant pore structure, and MB can be
transferred from the surface to the internal micropores
through pore channels. The maximum adsorption capacity
of the MHCPMs-60 was 214.26 mg/g and the maximum
dye removal rate was 99.9%. The adsorption kinetics fit
the pseudo-first-order model, and the isothermal adsorp-
tion equilibrium data fit the Langmuir model. In addition,
the MHCPMs-60 maintained a good adsorption capacity
after 7 cycles of adsorption. Hence, the strategy applied
for efficient water treatment by magnetic hypercrosslinked
porous P(VBC-DVB-AA)@Fe;0, microspheres is promis-
ing for practical applications.
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