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Abstract
Magnetic polymer microspheres (MPMs) have been frequently used in contemporary wastewater treatment technology 
because of their efficient adsorption and separation capabilities. However, the magnetization efficiency of polymer micro-
spheres cannot be effectively enhanced using the reported template methods. In this study, a novel template method for pre-
paring MPMs was developed. Magnetic P(MMA-co-GMA)@Fe3O4@PMAA microspheres (mPFPMs) were created with a 
high magnetic content, homogeneous particle size distribution, and carboxylated surfaces. Compared with the conventional 
template methods, this method avoids the generation of free magnetic nanoparticles and improves the magnetic content of 
MPMs, as well as imparting carboxyl functional groups to the mPFPMs. The mPFPMs can be used to adsorb contaminants 
quickly and effectively. The results of the adsorption process were preferably fitted to the Langmuir isotherm (R2 = 0.998)  
with a maximum adsorption capacity of 124.9 mg/g and followed the pseudo-second-order kinetic model. Besides, the 
mPFPMs adsorbent showed better reusability for ten cycles with high adsorption properties. Therefore, this work proposed 
a novel and facile strategy to prepare MPMs that exhibited significant potential application value in many fields.
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Introduction

The removal of various contaminants (including dyes, heavy 
metal ions, and organic pollutants) from water is a promi-
nent issue, as they can cause serious health problems [1, 2]. 
Several methods, including layer crystallization technology, 
photocatalytic treatment, electrocoagulation process, and 
electrostatic attraction-adsorption, have been used to achieve 
heavy metal ions and dyes removal [2–5]. Among them, the 
electrostatic attraction-adsorption method is a better choice 
because of its high efficiency and low cost [6]. In recent 
years, various adsorbents, such as carbonaceous composite 

material, modified hydrogel, molecularly imprinted materi-
als, chitosan-based composite, silicate materials and gra-
phene oxide, have been applied for removing dyestuffs from 
aqueous water [7–12]. However, most adsorbents that have 
been reported have problems, such as complex processes, 
long times, and low recycling performance, which limit their 
practical application [13–16].

In recent years, magnetic polymer microspheres (MPMs) 
used as adsorbents in wastewater treatment have become a 
research hotspot [17]. MPMs possessed the benefits of mag-
netic nanoparticles and polymers. For one thing, magnetic 
nanoparticles enabled the adsorbent to be quickly separated 
in a magnetic field. For another thing, adsorption efficiency 
could be significantly improved with the use of polymers, 
because of the functional groups and high specific surface 
areas [18, 19]. The reported preparation methods of MPMs 
involved solvothermal method, monomer polymerization, 
template in situ generation, and template assembly [20–24]. 
Solvothermal method was capable of preparing MPMs with 
uniform particle size and strong magnetic properties, but it 
was difficult to scale up and was associated with high safety 
risks. For instance, Gao et al. reported the synthesis of silica 
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coated Fe3O4 magnetic colloidal nanocrystal clusters [25]. 
Monomer polymerization could be used to prepare MPMs 
with different surfaces. For example, Dou et al. created 
epoxy-functionalized magnetic polymer core–shell micro-
spheres using glycidyl methacrylate as monomer. However, 
due to the weak interaction between the monomer and the 
magnetic nanoparticles, the prepared MPMs typically had 
small particle sizes (usually 100–200 nm), wide particle size 
distribution, and unequal magnetic content [26–29]. Further-
more, the above problems were difficult to solve simultane-
ously due to the nature of monomer polymerization [30, 31].

To solve these problems, the template method had been 
given more and more attention [32]. A typical step was that 
polymer microspheres were used as templates, magnetic 
nanoparticles were deposited on the templates, and finally 
they were encapsulated [33]. The presence of template poly-
mer microspheres resulted in the homogeneous and tunable 
particle size of MPMs [34]. The surface coatings could be 
made functional by the encapsulating technique [35]. For 
example, Yu et al. [36] created PMMA@Fe3O4@DR MPMs 
by depositing Fe3O4 nanoparticles onto porous polymeth-
ylmethacrylate microspheres, which acted as templates, 
then encasing those microspheres in photosensitive diazo 
resin to increase stability. Additionally, the performance of 
the MPMs was investigated for the removal of anions and 
aromatic dyes from wastewater. However, the reported tem-
plate methods for producing MPMs required a long time in 
solution for the template polymer microspheres to adsorb 
and chelate metal ions [37–42]. Adsorption, deposition, and 
centrifugation operations must be repeated in a laborious 
and time-consuming manner in order to deposit as many 
magnetic nanoparticles as possible in the template polymer 
microspheres [43–48]. Further, a number of wrapping and 
coating techniques have been investigated to prevent the 
magnetic nanoparticles deposited on the templated polymer 
microspheres from falling off during use. However, most 
of them had disadvantages such as adhesion, uneven dis-
tribution of surface coatings, and complicated processes 
[49–51]. Consequently, it was still necessary to develop a 
novel and facile template method to prepare MPMs with a 
narrow particle size distribution, high magnetic content, and 
functionalized surfaces.

Therefore, in this article, we developed a novel and facile 
template method to prepare MPMs. Firstly, monodisperse 
carboxylated porous P(MMA-co-GMA) microspheres were 
used as templates. Then, Fe3O4 nanoparticles were gen-
erated in situ inside and on the surfaces of the templates 
through a hydrothermal precipitation method. Finally, mag-
netic P(MMA-co-GMA)@Fe3O4@PMAA microspheres 
(mPFPMs) were obtained by reflux precipitation polym-
erization [52]. In this work, the magnetization of template 
polymer microspheres was accomplished via the hydro-
thermal precipitation process. Fe3O4 nanoparticles were 

securely adhered to the surface and interior of P(MMA-co-
GMA) microspheres. The formation of free Fe3O4 nanopar-
ticles was avoided while increasing the magnetic content 
of mPFPMs. Furthermore, the surfaces of mPFPMs were 
endowed with carboxyl functional groups during polymeric 
encapsulation. The experimental procedure for the prepara-
tion of MPMs using the template method was simplified 
by these two features. The size of template polymer micro-
spheres and the categories of monomers could be changed to 
prepare different types of MPMs. Under different adsorption 
control parameters, the ability of mPFPMs to absorb MB 
from wastewater was investigated. The adsorption process 
was analyzed isothermally and kinetically, and its reusability 
was assessed [53–55]. The mPFPMs had been proven to 
work as an effective, long-lasting, and sustainable adsorbent 
for water treatment.

Experimental

Materials

Styrene (St), isopropyl alcohol (IPA), glycidyl methacrylate 
(GMA), methyl methacrylate (MMA), divinylbenzene 
(DVB), sodium lauryl sulfate (SDS), benzoyl peroxide 
(BPO), toluene, and methylene blue (MB) were purchased 
from Shanghai Macklin Biochemical Technology Co., Ltd. 
Polyvinylpyrrolidone (PVP, MW = 40,000 g/mol) was com-
mercially available from Yuanye Biotechnology Co., Ltd. 
(Shanghai, China). Azobisisobutyronitrile (AIBN) was 
obtained from Shanghai Titan Technology Co., Ltd. Dibu-
tyl phthalate (DBP), acetonitrile, hexamethylene tetramine 
(HETM), and ethyleneglycol (EG) were provided by Shang-
hai Lingfeng Chemical Reagent Co., Ltd. FeCl2•4H2O, 
N,N′-methylenebisacrylamide (MBA), methacrylic acid 
(MAA), sodium hydroxide (NaOH), and hydrochloric acid 
were supplied by Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China).

Synthesis of porous template P(MMA‑co‑GMA) 
microspheres

A simple dispersion polymerization method was used to 
prepare monodisperse Polystyrene (PS) microspheres [56]. 
Under magnetic stirring, all of the styrene (2.5 mL), PVP 
(0.45 g), and AIBN (0.05 g) were dissolved in 20 mL IPA 
and 15 mL water to form a homogeneous solution. Pure 
nitrogen gas was bubbled into the solution at room tem-
perature for roughly 1 h to deoxygenate it. Then the reaction 
was heated to 75℃ and kept for 12 h under constant stirring 
at a rate of 400 rpm. After the reaction, the resultant disper-
sion was centrifuged, multiple times rinsed with ethanol, and 
then dried for 24 h at room temperature in a vacuum oven.
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A modified two-step seed swelling method was used 
to fabricate porous microspheres. 0.6 mL of toluene and 
1.8 mL of DBP were added to a 0.15% SDS aqueous solu-
tion, and the mixture was thoroughly emulsified by ultra-
sonic. After that, 0.1 g of the previously manufactured PS 
seed microspheres were added, and they were swelled at 
30 °C for 12 h. The addition of 2.65 mL of MMA, 0.55 mL 
of DVB, 0.46 mL of GMA, and 0.12 g of BPO to a 0.15% 
SDS aqueous solution resulted in a fully emulsified mix-
ture. The reaction solution was combined with the emulsi-
fied solution above, which then swelled at 30 °C for 6 h. 
Ultimately, the temperature was raised to 70 °C, and the 
polymerization reaction was continued for 16 h in a nitro-
gen-protected environment. The reaction solution was centri-
fuged, washed with ethanol and water three times, and dried 
in a vacuum drying oven to create porous P(MMA-co-GMA) 
microspheres.

1.0 g of porous P(MMA-co-GMA) microspheres were 
dissolved in 50 mL of a 10% NaOH solution, hydrolyzed 
for 8 h at 60 °C, and neutralized with distilled water. The 
microspheres were then mixed at 80 °C for 4 h with a 50 mL 
solution of 0.2 mol/L H2SO4. The product was washed with 
water until neutral and dried in a vacuum drying oven for 
16 h to obtain twice-hydrolyzed porous template P(MMA-
co-GMA) microspheres.

Preparation of magnetic P(MMA‑co‑GMA)@Fe3O4 
microspheres

A hydrothermal precipitation method was used to prepare 
magnetic P(MMA-co-GMA)@Fe3O4 microspheres. Firstly, 
0.16 g of twice-hydrolyzed porous template P(MMA-co-
GMA) microspheres were dispersed in a solution consist-
ing of 40 mL of water and 10 mL of EG. The mixture was 
treated by ultrasound for 20 min to obtain a white emulsion. 
Then, 0.08 g FeCl2•4H2O and 0.05 g HETM were added 
into the emulsion with a mechanical stirrer for 10 min to 
obtain a yellow flocculent solution, and then the reaction 
was carried out under a nitrogen atmosphere at a tempera-
ture of 80 °C for 1 h. Finally, after the reaction completed, 
the product was magnetically separated after the addition 
of water and then washed 5 times with 100 mL of water to 
obtain magnetic P(MMA-co-GMA)@Fe3O4 microspheres.

Preparation of magnetic P(MMA‑co‑GMA)@Fe3O4@
PMAA microspheres

Reflux precipitation polymerization was used to synthesize 
mPFPMs. 0.04 g of magnetic P(MMA-co-GMA)@Fe3O4 
microspheres were dispersed in 45 mL of acetonitrile. After 
0.4 g MAA, 0.1 g MBA, and 0.02 g AIBN were added 

rapidly and continuously, the mixture was heated to 80 ℃ 
for 2 h. The mPFPMs were washed with distilled water at 
room temperature.

Characterization

On the Nicolet-5700 spectrum (Asheville) and UV-2600 
spectrum (Shimadzu, Japan), the FT-IR and UV–vis absorp-
tion spectra were conducted. Transmission electron micros-
copy (TEM; FEI, USA) and field-emission scanning elec-
tron microscopy (SEM; FEI Inspect F50, USA) were used to 
describe the morphologies of the materials. Energy-disper-
sive X-ray spectroscopy (EDX), in conjunction with TEM 
and SEM, was used to obtain the mapping of the element 
distribution. The crystalline structure patterns of the mag-
netic microspheres were discovered using Ultima IV powder 
X-ray diffraction (XRD; Shimadzu, Japan). The TG-209 F-3 
equipment (NETZSCH, Germany) was used for the thermo-
gravimetric analysis (TGA). The microspheres were heated 
in oxygen at a scan rate of 20 °C/min to 750 °C. The mag-
netism of these microspheres was studied using the VSM-
7407 vibrating sample magnetometer (VSM, Lake Shore). 
The N2 adsorption–desorption experiment was carried out 
using an ASAP-2460 Brunner-Emmett-Teller analyzer (BET, 
Micromeritics) to determine the pore size distribution of 
the porous template P(MMA-co-GMA) microspheres. 
Mercury intrusion porosimetry(MIP) was carried out with 
the Porosizer 9520 equipment from Micromeritics Instru-
ment Corporation, to determine the pore size distribution of 
mesopores and macropores in the microsphere fraction. The 
particle size and zeta potential of the samples were tested 
and analyzed by the NanoBrook multi-angle particle size 
potential analyzer from Brookhaven, USA.

MB sorption experiments

In batch adsorption tests, the adsorption process was evalu-
ated by introducing 6 mg of mPFPMs adsorbent to 30 mL of 
MB dye solution (2–40 mg/L). The pH was adjusted using 
0.1 M of both HCl and NaOH in a range of 1 to 12. The tri-
als were performed between 298 and 328 K. The following 
formulas were used to calculate the removal efficiency (R%) 
and adsorption capacity (Qe, mg/g) and (Qt, mg/g).

(1)R(%) =
CO − Ce

CO

× 100%

(2)Qe(mg∕g) =
(

C0 − Ce

)

×
V

m

(3)Qt(mg∕g) =
(

C0 − Ct

)

×
V

m
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where C0 (mg/L) was the initial MB concentration, Ce 
(mg/L) was the MB equilibrium concentration, Ct (mg/L) 
was the MB concentration at a given time t, V was the vol-
ume (mL) of MB dye solution, and m (g) was the amount 
of mPFPMs.

A continuous adsorption–desorption cycle utilizing eth-
anol as the desorption solvent was performed in order to 
examine the repeated adsorption performance of mPFPMs 
on MB dyes. The mPFPMs were taken out of the adsorp-
tion medium when the adsorption process was finished, and 
they were soaked and agitated in ethanol for 1 h at room 
temperature. The mPFPMs were then vacuum-dried at room 
temperature after being washed with water.

Result and discussion

The steps required for the preparation of mPFPMs were 
outlined in Scheme 1. Firstly, dispersion polymerization 
was used to prepare monodisperse PS seed microspheres. 
A modified two-step swelling polymerization process was 
then used to synthesize porous P(MMA-co-GMA) micro-
spheres. Following that, the ester and epoxy groups of 
porous P(MMA-co-GMA) microspheres were converted 
to carboxyl or hydroxyl groups under the action of base 
and acid hydrolysis. After that, the hydrolyzed porous 
P(MMA-co-GMA) microspheres were used as templates. 
Fe3O4 nanoparticles were generated in situ inside and on 
the surfaces of the template polymer microspheres through 
a modified hydrothermal precipitation method. Finally, the 

P(MMA-co-GMA)@Fe3O4 microspheres were encapsulated 
and carboxylated through distillation precipitation polym-
erization to obtain mPFPMs. Compared with the traditional 
template methods, the synthesis process was simplified, and 
the magnetic content of MPMs was increased.

Characterization of sample

In order to track the synthesis process, we used TEM and 
SEM to characterize the products of each step. As observed 
in Fig. 1(a), the PS seed microspheres prepared by dispersion 
polymerization were uniform on a large scale, with an aver-
age diameter of 1 μm. Furthermore, the surfaces of the PS 
microspheres were clearly smooth. Compared with the PS 
microspheres, the porous P(MMA-co-GMA) microspheres 
maintained monodispersity but changed dramatically in 
both the average size and surface morphology (Fig. 1(b) 
and inset). The average size of the microspheres increased 
from 1 μm to 2.6 μm under the swelling effect of the poro-
genic agent, and the surfaces also showed a distinct porous 
structure. It was observed by TEM images that the porous 
structure was present not only on the surfaces but also in 
the interior of the microspheres. The average particle size 
of porous P(MMA-co-GMA) microspheres did not change 
significantly after hydrolysis by alkali and acid (Fig. 1(c) 
and inset), but the pores on the surface and inside of the 
microspheres increased significantly. This might be due to 
the etching effect of acid–base on the residual linear oligom-
ers in the porous P(MMA-co-GMA) microspheres. These 
enriched porous structures would provide more binding sites 

Scheme 1   Schematic illustra-
tion of the synthesis procedure 
of magnetic P(MMA-co-
GMA)@Fe3O4@PMAA 
microspheres
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for subsequent in situ deposition of Fe3O4 nanoparticles. The 
hydrolyzed porous P(MMA-co-GMA) microspheres were 
used as templates, and a modified hydrothermal precipita-
tion method was used in order to make the magnetization 
process easier and more effective. Under the action of the 
abundant carboxyl groups and the pore structure of the tem-
plate microspheres, ferrous ions were captured by coordina-
tion and electrostatic adsorption, and Fe3O4 nanoparticles 
were generated in situ.

The morphology of P(MMA-co-GMA)@Fe3O4 micro-
spheres was observed by SEM (Fig. 1(d) and (e) and TEM 
(Fig. 1(f), Fe3O4 nanoparticles were successfully filled into 
the template microsphere pores and formed a thin shell layer 
on the surface of the template microsphere. The average par-
ticle size of P(MMA-co-GMA)@Fe3O4 microspheres was 
measured to be 2.7 μm. In addition, free Fe3O4 nanoparticles 
were not found in a wide range, indicating that the Fe3O4 
nanoparticles were firmly attached to the template micro-
spheres. As shown in Fig. 1(g) (h), P(MMA-co-GMA)@
Fe3O4@PMAA microspheres had good monodispersity and 
smooth surfaces. The coating thickness was about 100 nm, 
as shown in Fig. 1(i), which provided good protection and 

stability for the product microspheres. This demonstrated 
that the polymer encapsulation of magnetic P(MMA-co-
GMA)@Fe3O4 microspheres via distillation precipitation 
polymerization was effective.

Next, to confirm the distribution of Fe3O4 nanopar-
ticles on the surfaces of porous template P(MMA-co-
GMA) microspheres, the magnetic P(MMA-co-GMA)@
Fe3O4 microspheres were characterized by EDX mapping. 
As shown in Fig. 2, Fe3O4 nanoparticles were distributed 
over the whole template microsphere surface, and the dis-
tribution of Fe3O4 nanoparticles was essentially the same 
as that of carbon and oxygen. Therefore, the improved 
hydrothermal precipitation method was an efficient way to 
achieve the magnetization of carboxylated porous polymer 
microspheres.

Meanwhile, Fig. S1(a) and (b) exhibited the SEM images 
of magnetic P(MMA-co-GMA)@Fe3O4 microspheres at dif-
ferent magnifications after being calcined at 600 °C for 24 h. 
The organic matter inside the composite microspheres was 
completely cleaved due to the high temperature. However, 
after losing the assistance of the template polymer micro-
spheres, the remaining magnetic nanoparticles stay formed 

Fig. 1   The morphology 
characterization of different 
microspheres. a SEM images 
of PS seed microspheres; 
b SEM and TEM (inset) 
images of porous P(MMA-co-
GMA) microspheres; c SEM 
and TEM (inset) images of 
porous P(MMA-co-GMA) 
microspheres after acid–base 
hydrolysis; d, e SEM images of 
magnetic P(MMA-co-GMA)@
Fe3O4 microspheres with dif-
ferent magnifications; f TEM 
images of magnetic P(MMA-
co-GMA)@Fe3O4 micro-
spheres; g, h SEM images of 
magnetic P(MMA-co-GMA)@
Fe3O4@PMAA microspheres 
with different magnifications; 
i TEM images of magnetic 
P(MMA-co-GMA)@Fe3O4@
PMAA microspheres

937Colloid and Polymer Science (2023) 301:933–947



1 3

into spheres. This indicated that a large number of magnetic 
nanoparticles were successfully deposited on the surface of 
the template polymer microspheres.

To further determine the distribution of Fe3O4 nano-
particles inside the P(MMA-co-GMA)@Fe3O4@PMAA 
microspheres, the ultrathin sections of P(MMA-co-GMA)@
Fe3O4@PMAA microspheres were characterized by TEM. 
As shown in Fig. 3, it could be visualized that Fe3O4 nano-
particles were uniformly dispersed inside the P(MMA-co-
GMA)@Fe3O4@PMAA microspheres. This indicated that 
Fe3O4 nanoparticles were successfully attached to the inter-
nal pores of template P(MMA-co-GMA) microspheres, and 
they were stabilized due to polymerization encapsulation.

Figure 4(a) showed the FT-IR spectra of PS seed micro-
spheres, P(MMA-co-GMA) microspheres, P(MMA-co-
GMA) microspheres after acid–base hydrolysis, P(MMA-
co-GMA)@Fe3O4 microspheres, and P(MMA-co-GMA)@
Fe3O4@PMAA microspheres. The line a showed the typical 
absorption peaks of PS microspheres, including 3024, 1492, 
1452, and 698 cm−1. The line b represented P(MMA-co-
GMA) microspheres, and the absorption peaks at 1730 cm−1 
and 910 cm−1 could be observed, which was attributed to the 
C = O stretching vibration of the ester group and the stretch-
ing vibration of the epoxy group. It indicated that GMA 

and MMA monomers were successfully bound to the seed 
microspheres by solvation polymerization. The IR spectra 
of P(MMA-co-GMA) microspheres treated with alkali acid 
hydrolysis were shown in line c. The C = O stretching vibra-
tion peak of the carboxyl group at 1730 cm−1 and the -OH 
stretching vibration peak at 3500 cm−1 were significantly 
enhanced, while the characteristic peak of the epoxy group 
at 910 cm−1 almost disappeared. This implied that the ester 
group was converted to the carboxyl group under alkaline 
hydrolysis, while the epoxy group was opened by acidic 
hydrolysis to release the hydroxyl group. Porous template 
polymer microspheres with rich carboxyl and hydroxyl 
groups were successfully prepared. Ferrous ions would be 
chelated and adsorbed by these functional groups in the next 
step of the magnetization reaction, so that Fe3O4 nanoparti-
cles were generated only on the surface and in the internal 
pores of the template microspheres. In the line d, the Fe–O 
stretching vibration absorption peak at 590 cm−1 confirmed 
the formation of Fe3O4. Meanwhile, the C = O stretching 
vibration peak and the -OH stretching vibration peak were 
significantly weakened, which indicated that the carboxyl 
and hydroxyl groups were consumed due to the auxiliary 
Fe3O4 generation. As shown in the line e, 1664 cm−1 and 
1525 cm−1 indicated the carbonyl units and N–H units of the 
amide group in the MBA monomer, respectively. The strong 
absorption peak at 1730 cm−1 was attributed to the stretching 
vibration of the carboxyl carbonyl unit in the MAA compo-
nent, and the absorption peak at 590 cm−1 was weakened 
because of polymerization encapsulation. These results 
confirmed the successful encapsulation of the copolymer 
shell layer of MAA and MBA on P(MMA-co-GMA)@Fe3O4 
microspheres. In addition, the abundant carboxyl functional 
groups on the surface of the polymer shell layer provided 
the practical performance of the product microspheres. In 
summary, P(MMA-co-GMA)@Fe3O4 microspheres and 
P(MMA-co-GMA)@Fe3O4@PMAA microspheres have 
been successfully synthesized.

Figure 4(b) presented the XRD spectrum of P(MMA-co-
GMA) microspheres after hydrolysis, P(MMA-co-GMA)@
Fe3O4 microspheres, and P(MMA-co-GMA)@Fe3O4@
PMAA microspheres. The purple line was the XRD spec-
trum of P(MMA-co-GMA) microspheres after hydrolysis, 
which was clearly seen to have a broad diffraction peak only 
at about 20°, which was usually a characteristic peak for 

Fig. 2   a SEM images of 
magnetic P(MMA-co-GMA)@
Fe3O4 microspheres; b–d EDX 
mapping of magnetic P(MMA-
co-GMA)@Fe3O4 microspheres

Fig. 3   a  SEM images of magnetic P(MMA-co-GMA)@Fe3O4@
PMAA microspheres; (b) TEM images of ultrathin sections of mag-
netic P(MMA-co-GMA)@Fe3O4@PMAA microspheres; (c–f) EDX 
mapping for the ultrathin sections of magnetic P(MMA-co-GMA)@
Fe3O4@PMAA microspheres
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amorphous polymeric materials. The hydrolyzed P(MMA-
co-GMA) microspheres were used as templates for the 
magnetization reaction with the help of their rich porous 
structure and functional groups. The black line was the XRD 
spectrum of P(MMA-co-GMA)@Fe3O4 microspheres, the 
characteristic diffraction peaks at 2θ = 30.2°, 35.4°, 43.0°, 
53.3°, 56.9°, and 62.5° were attributed to the (220), (311), 
(400), (422), (333) and (440) lattice planes of cubic phase of 
Fe3O4 (JCPDS standard card No. 72–2303). Meanwhile, the 
disappearance of the characteristic peaks of the amorphous 
polymer material implied that the Fe3O4 nanoparticles form 
a shell layer, which completely encapsulated the template 
polymer microspheres. This was consistent with the SEM 
test results. In addition, no other signals were detected, 

indicating that the preparation of magnetic P(MMA-co-
GMA)@Fe3O4 microspheres was successful. The XRD 
spectrum of P(MMA-co-GMA)@ Fe3O4@PMAA was 
shown as the red line, where the characteristic peaks of the 
amorphous polymer material appeared once again and the 
characteristic diffraction peaks of Fe3O4 were significantly 
weakened. This indicated that the copolymer coating was 
effective in encapsulating the P(MMA-co-GMA)@Fe3O4 
microspheres.

Figure 4(c) showed the magnetization curves of P(MMA-
co-GMA)@Fe3O4 microspheres and P(MMA-co-GMA)@
Fe3O4@PMAA microspheres. It could be found that the 
saturation magnetization intensity value of P(MMA-co-
GMA)@ Fe3O4 microspheres was 25.8 emu/g, and there 

Fig. 4   a FT-IR spectra of a) PS seed microspheres, b) P(MMA-co-
GMA) microspheres, c) P(MMA-co-GMA) microspheres after 
acid–base hydrolysis, d) P(MMA-co-GMA)@Fe3O4 microspheres, 
e) P(MMA-co-GMA)@Fe3O4@PMAA microspheres; b XRD pat-
terns of P(MMA-co-GMA) microspheres after acid–base hydrolysis, 
P(MMA-co-GMA)@Fe3O4 microspheres, and P(MMA-co-GMA)@

Fe3O4@PMAA microspheres; c Magnetization curves of P(MMA-
co-GMA)@Fe3O4 microspheres and P(MMA-co-GMA)@Fe3O4@
PMAA microspheres; d TGA curves of porous P(MMA-co-GMA) 
microspheres after hydrolysis, magnetic P(MMA-co-GMA)@Fe3O4 
microspheres, and magnetic P(MMA-co-GMA)@Fe3O4@PMAA 
microspheres
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was no coercive force in magnetic field scanning. In  
contrast, the saturation magnetization intensity value of 
P(MMA-co-GMA)@Fe3O4@PMAA microspheres was 
14.57 emu/g. This change could be observed more visu-
ally in Fig. S2(a) and (b). The magnetic separation time of 
P(MMA-co-GMA)@Fe3O4 microspheres was 19 s, while 
that of P(MMA-co-GMA)@Fe3O4@PMAA microspheres 
was 33 s. There were two possible reasons for this phe-
nomenon. On the one hand, the surface encapsulation of  
the polymer coating reduced the relative magnetic content 
of the microspheres, while on the other hand, the polymer 
coating was non-magnetic and had a shielding effect on the 
magnetic Fe3O4 nanoparticles. When the external magnetic 
field was removed, the two magnetic microspheres men-
tioned above could be redistributed by a slight vibration. 
This feature enabled the economic and reusable applications 
of microspheres as adsorbents. It should be noted that the 
magnetic content of P(MMA-co-GMA)@Fe3O4@PMAA 
microspheres was enough to be easily separated from the 
solution in a magnetic field.

Figures 4(d) and S3 showed the TG/derivative thermo-
gravimetry (DTG) plot of the products during the synthesis 
of magnetic P(MMA-co-GMA)@Fe3O4@PMAA micro-
spheres. The weight loss process of the three samples could 
be roughly divided into three stages. The first stage was from 
the initial temperature to about 300 ℃. This stage included 
the micro-weight loss process, mainly due to the evaporation 
of water physically adsorbed on the surfaces of the micro-
spheres. The weight loss of the three samples was about 5% 
at this stage. The second stage was from 300 ℃ to about 400 
℃. The weight loss from this process was much more sig-
nificant. The weight loss rate of hydrolyzed porous P(MMA-
co-GMA) microspheres was about 90%, which might attrib-
ute to the decomposition of polymer segments. In contrast, 
P(MMA-co-GMA)@Fe3O4 microspheres and P(MMA-co-
GMA)@Fe3O4@PMAA microspheres had a weight loss of 
about 65%, which was attributed to the decomposition of 
the uncrosslinked part of the microspheres. The final stage 
was 400–500℃. The weight loss was slower, and the final 
curve tended to be flat. All organic matter had been decom-
posed, and the final undecomposed substance was Fe3O4 
nanoparticles. The mass fraction of Fe3O4 nanoparticles in 
P(MMA-co-GMA)@Fe3O4 microspheres and P(MMA-co-
GMA)@Fe3O4@PMAA microspheres was calculated to be 
26.4% and 18.4%, respectively.

In addition, the magnetic content of prepared mPFPMs 
and other MPMs reported in recent literature were shown in 
Table S1 for comparison. Obviously, the prepared mPFPMs 
had higher magnetic content value than several other MPMs, 
which had a great potential application in waste water 
treatment.

The pore size (including mesopores and macropores) dis-
tribution of porous P(MMA-co-GMA) microspheres before 

and after hydrolysis treatment was tested by BET and MIP, 
and the results were shown in Fig. 5. Figure 5(a) and (c) 
showed that the adsorption isotherms were type IV and there 
were obvious hysteresis lines, indicating that the P(MMA-
co-GMA) microspheres were typical porous materials. By 
Barrett-Joyner-Halenda (BJH) adsorption isotherm analy-
sis, the average mesopore pore size of porous P(MMA-co-
GMA) microspheres slightly decreased from 23.3 to 21.1 nm 
before and after hydrolysis treatment. This might be attrib-
uted to the weak etching effect of the high concentration 
of alkali-acid environment on P(MMA-co-GMA) micro-
spheres, which produced more small pores below 20 nm. 
As shown in Fig. 5(b) and (d), the average macropore pore 
size of P(MMA-co-GMA) microspheres before and after the 
hydrolysis treatment was 624.4 nm and 668 nm, respectively. 
This indicated that the alkali-acid hydrolysis treatment not 
only carboxylated the microspheres, but also increased the 
pore size of the microspheres, which in turn increased the 
loading of magnetic Fe3O4 nanoparticles.

Methylene blue adsorption experiments

According to the characterization results, mPFPMs could 
be used as adsorbents for efficient adsorption of MB. The 
absorbance at 665 nm was measured by a UV Vis spectro-
photometer. The concentration of MB could be determined 
from the standard curve (Fig. S4(a) and (b)).

Effect of pH

The pH of the MB solution was critical to the adsorption 
capacity of adsorbents due to the charge distribution. There-
fore, the effect of pH in the range of 1–12 on the adsorp-
tion capacity of mPFPMs was investigated. As shown in 
Fig. 6(a), the removal efficiency increased from 48.8 to 
99.1% and the adsorption amount increased from 61 to 
123.87 mg/g as the pH increased from 1 to 10. When the 
pH value exceeded 10, the removal efficiency and adsorp-
tion capacity showed a decreasing trend. To better explain 
the above phenomenon, the zeta potential of mPFPMs was 
examined at different pH values, and the results were shown 
in Fig. S4(c). The relatively high zeta potential at low pH 
(around − 10 mV) indicated that the carboxyl groups on the 
surfaces of mPFPMs were protonated, forming a competitor 
for MB. As the pH of the solution increased, the zeta poten-
tial gradually decreased, indicating that a large amount of 
negative charge was generated on the surfaces of mPFPMs. 
The zeta potential was minimized at pH 10, which corre-
sponded to the maximum adsorption obtained by mPFPMs 
at this time. As the pH continued to increase, no significant 
change in zeta potential was observed, indicating that the 
anionic carboxyl groups on the surfaces of mPFPMs had 
reached saturation.
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Effect of MAA content

The mass ratio of MAA and P(MMA-co-GMA)@Fe3O4 
microspheres was varied to investigate the effect of MAA 
content on the adsorption performance of mPFPMs, and 
the results were shown in Fig. 6(b). The mass ratio of 
MAA and P(MMA-co-GMA)@Fe3O4 microspheres 
increased from 2:1 (R = 21.8%, Qe = 27.25 mg/g) to 10:1 
(R = 97.3%, Qe = 121.62 mg/g). This suggested that with 
the increase in the number of carboxyl groups, MB was 
more readily adsorbed onto the mPFPMs by electrostatic 
interaction. However, when the MAA content continued 
to increase, the adsorption capacity did not change signifi-
cantly, which was due to the saturation of all adsorptive 
sites on the mPFPMs surfaces with MB molecules.

Effect of temperature

The effect of temperatures at 298, 308, 318 and 328 K on the 
adsorption of MB by mPFPMs was investigated. The results 
were shown in Fig. 6(c). When the temperature was increased 
from 298 to 328 K, the adsorption capacity decreased from 
124.3 to 92.6 mg/g, indicating that the adsorption of MB by 
mPFPMs was an exothermic process and that the low tem-
perature was more favorable to the adsorption process.

Adsorbent reusability

Regeneration and reusability were crucial for the adsor-
bent material. To investigate the recyclability of mPFPMs, 
10 adsorption-resolution cycles were performed under the 

Fig. 5   a Nitrogen sorption isotherm and the mesopore pore size 
distribution (inset) of porous P(MMA-co-GMA) microspheres; b 
Macropore pore size distribution of porous P(MMA-co-GMA) micro-
spheres by MIP; c Nitrogen sorption isotherm and the mesopore pore 

size distribution (inset) of porous P(MMA-co-GMA) microspheres 
after acid–base hydrolysis; d Macropore pore size distribution of 
porous P(MMA-co-GMA) microspheres after acid–base hydrolysis 
by MIP
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same conditions, and the results were shown in Fig. 6(d). As 
could be seen from the figure, the adsorption capacity of the 
mPFPMs was gradually decreased with the increase of the 
number of cycles, but it was maintained at a high level. After 
ten consecutive adsorption–desorption cycles, the dye removal 
efficiency of the mPFPMs was still above 90%, and the maxi-
mum adsorption capacity reached 113.85 mg/g. This illustrated 
that the mPFPMs had good stability and recyclability.

Adsorption isotherm

The adsorption isotherms of mPFPMs on MB were investi-
gated at 298 K and pH = 10. As shown in Fig. 7(a), with the 
increase of MB equilibrium concentration, the adsorption 
capacity increased sharply at first, then gradually stabilized 
and reached the maximum value (124.97 mg/g).

The equilibrium adsorption data were fitted with the 
Langmuir isotherm model and the Freundlich isotherm 

model, respectively, to better understand the adsorption 
mechanism. The Langmuir isotherm model assumed that 
the adsorption was a single molecular layer, where each 
molecule occupied only one adsorption site and there were 
no interactions between adsorbed molecules. In addition, 
the maximum adsorption capacity could be predicted by 
calculation. The Freundlich isotherm model was mainly 
used for multilayer adsorption, but could also be used for 
physical and chemical adsorption. The Langmuir isotherm 
equation could be described as:

The Freundlich isotherm equation could be described 
as:

(4)
Ce

Qe

=
Ce

Qm

+
1

Qm ⋅ KL

(5)lnQe = lnKF +
1

n
lnCe

Fig. 6   a Effect of pH for MB adsorption (T = 298 K, C0 = 25 mg/L); 
b effect of MAA content for MB adsorption (pH = 10, T = 298  K, 
C0 = 25 mg/L); c effect of temperature for MB adsorption (pH = 10, 

C0 = 25 mg/L); d reusability of mPFPMs for MB adsorption (pH = 10, 
T = 298 K, C0 = 25 mg/L). The error bars indicate the standard devia-
tion from the mean (n = 3)
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where the Ce (mg/L) was represented for the equilibrium 
adsorption concentration of MB; the Qe (mg/g) was the equi-
librium sorption capacity of adsorbent; Qm (mg/g) was the 
theoretical maximum adsorption capacity of adsorbent; KL 
(L/mg) was the Langmuir equilibrium constant; KF (mg1−n 
Ln/g) was the Freundlich equilibrium constant; 1/n was the 
adsorption degree.

The results of the Langmuir and Freundlich adsorption 
isotherm fits were shown in Fig. 7(b) and (c), respectively. 
The relevant parameters were calculated according to Eqs. (4) 
and (5), and the results were shown in Table 1. The value of 
n obtained from the Freundlich model was greater than one, 
implying that the mPFPMs were favorable for the adsorp-
tion process of MB. It was clearly seen that the Langmuir  
model fits the adsorption isotherm (R2 = 0.9978) better  
than the Freundlich model (R2 = 0.8731), indicating that the 
adsorption process was monomolecular layer adsorption. The 
Qm calculated from the Langmuir model was 126.33 mg/g, 
which was in good agreement with the experimental value 
(124.97 mg/g).

Kinetic studies

The adsorption kinetics of mPFPMs on MB were investigated 
at pH = 10 and room temperature. The effect of contact time 
on the adsorption capacity was shown in Fig. 7(d). It could be  
seen that the amount of MB adsorbed increased rapidly during  
the first 100 min of contact time, then increased slowly and 
finally remained at a certain level. Based on the above results, 
150 min was chosen as the optimal time to ensure the equilib-
rium of the adsorption process.

The adsorption process was investigated using pseudo-first-
order and pseudo-second-order kinetic models. The pseudo-
first-order kinetic model assumed that the adsorption process 
was controlled by the diffusion process, and the pseudo-second-
order kinetic model considered that the adsorption process was 
controlled by the chemisorption mechanism. The equations for 
each of the above two models were expressed as:

where Qe (mg/g) was the adsorption capacity at equilib-
rium time, Qt (mg/g) was the adsorption capacity at any 
time, k1 (min−1) and k2 (g/mg/min) were the pseudo-first-
order rate constant and pseudo-second-order rate constant, 
respectively.

(6)In
(

Qe − Qt

)

= InQe − kl ⋅ t

(7)
t

Qt

=
1

k2 ⋅ Q
2
e

+
t

Qe

Fig. 7   a Effect of initial MB concentration for MB adsorption; b 
Langmuir isotherms and c Freundlich isotherms for MB adsorption 
(pH = 10, T = 298 K). d Effect of adsorption time for MB adsorption; 

e pseudo-first-order plots and f pseudo-second-order plots for MB 
adsorption (pH = 10, T = 298 K, C0 = 25 mg/L). The error bars indi-
cate the standard deviation from the mean (n = 3)

Table 1   Sorption isotherm parameters for MB adsorption onto adsor-
bent (pH = 10, 298 K)

Langmuir Freundlich

Qmax(mg/g) KL(L/mg) R2 KF(mg1−n·Ln/g) n R2

126.333 1.2625 0.9978 48.638 1.822 0.87314
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The fitted curves of the two kinetic models were shown 
in Fig. 7(e) and (f), respectively. The relevant parameters 
were calculated according to Eqs. (6) and (7), as shown 
in Table 2. According to the fitted curves and correlation 
coefficient (R2), the adsorption process of MB on mPFPMs 
belonged to the proposed second-order kinetic model. The 
adsorption process was controlled by the chemisorption 
mechanism, and the valence force generated by electron 
exchange between the adsorbent and the adsorbate was the 
rate-controlling step.

Above all, we could draw the conclusion that the adsorp-
tion process of MB was a Langmuir process and the 
adsorption behavior belonged to the pseudo-second-order 
model. The MB maximum adsorption capacity of prepared 
mPFPMs and other adsorbents reported in recent litera-
ture were shown in Table 3 for comparison. Obviously, the 
prepared mPFPMs were a more highly efficient adsorbent 
for the removal of MB than several other sorption materi-
als, which had a great potential application in waste water 
treatment.

Possible adsorption mechanism

Three main mechanisms of electrostatic attraction, hydrogen 
bonding interaction, and chemical sorption were proposed to 
explain the adsorption behaviors of MB on mPFPMs.

Electrostatic attraction is considered to be the main fac-
tor affecting the adsorption process. It relies on the relation 
between the pH of the zero-point charge (pHzpc) and the pH 
of solution [58–60]. When the pH value of the solution is 
higher than the pHzpc, a strong electrostatic attraction will 

occur between the adsorbent and the MB. On the contrary, 
with a pH value of the solution lower than pHzpc, the electro-
static attraction will transfer into strong electrostatic repul-
sion. Moreover, MB is a cationic dye with a positive charge, 
and the surface of mPFPMs have a large amount of nega-
tively charged carboxylate anion in the solution. The fast 
adsorption is mainly caused by strong electrostatic attraction 
between MB surface cations and mPFPMs surface anions. 
Therefore, it can draw the conclusion that the adsorption 
capacity is greatly affected by the pH value of solution and 
mainly relies on the electrostatic attraction between the 
adsorbent and MB.

Hydrogen bonding interaction also plays a role in the 
adsorption process. As is known to all, the hydrogen bond 
only exists between two atoms that have a relatively large 
electronegativity [57, 61]. With the formation of hydro-
gen bonds, the adsorption capacity of the adsorbent was 
enhanced. The prepared mPFPMs and MB can form the 
hydrogen bond between the H atom and N atom, thereby 
improving the adsorption capacity of the adsorbent.

Besides, according to the sorption kinetics, the sorption 
of MB on the mPFPMs conforms to the pseudo-second-
order model, indicating that the adsorption behavior was 

Table 2   Fitting parameters of MB adsorption kinetic on prepared 
magnetic microspheres

Quasi-first-order kinetic model Quasi-second-order kinetic model

k1(min−1) Qe(mg/g) R2 k2 (g/mg·min) Qe(mg/g) R2

0.02918 38.8322 0.8468 0.00194 126.9036 0.9998

Table 3   Comparison of MB 
maximum sorption capacity of 
prepared mPFPMs with other 
adsorbents

Adsorbents Qmax (mg/g) References

Red mud@sucrose based carbon composite 76.92 [7]
Montmorillonite-reduced graphene oxide aerogel 450.90 [10]
sodium alginate/graphene oxide cellulose scaffold 51.55 [11]
Fe3O4@lignosulfonate/phenolic microsphere 283.6 [55]
Fe3O4@SiO2-CR 31.44 [28]
Graphene Oxide 19.39 [57]
Fe3O4@SiO2-EDA-COOH 43.15 [53]
multi-carboxyl functionalized Fe3O4@SiO2 37.52 [58]
Multifunctional PMMA@Fe3O4@DR 113.25 [36]
P(MMA-co-GMA)@Fe3O4@PMAA microspheres 124.97 This work

Fig. 8   The plausible mechanism for the removal of MB
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controlled by chemical sorption. The carboxyl anion in the 
adsorbent and the nitrogen atom in MB undergo electron 
transfer, forming an adsorption chemical bond [53]. There-
fore, the adsorption capacity of MB has been enhanced. The 
possible adsorption mechanism of MB on the mPFPMs was 
schematically illustrated in Fig. 8.

Conclusion

In conclusion, this work presented a novel and facile tem-
plate method for preparing mPFPMs, and verified the fea-
sibility of removing MB from aqueous solutions. Carboxy-
lated P(MMA-co-GMA) porous microspheres were used 
as templates, which were first magnetized by a modified 
hydrothermal precipitation method and then encapsulated 
through reflux precipitation. Compared with the traditional 
template methods, this method avoided the tedious opera-
tion and generation of free magnetic nanoparticles during 
magnetization. In addition, the carboxyl functional modifi-
cation was performed while encapsulating, which not only 
solved the problem of leakage of magnetic nanoparticles 
during use, but also avoided additional functional modifi-
cation steps. The mPFPMs exhibited excellent absorption 
properties on MB dyes. The adsorption kinetics obeyed the 
pseudo-secondary model. The isothermal adsorption equi-
librium data was in accordance with the Langmuir model. 
The maximum adsorption capacity of the single molecular 
layer was 124.97 mg/g. More importantly, the removal effi-
ciency of the mPFPMs was still above 90% after 10 cycles, 
confirming that the mPFPMs were efficient and economical.
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