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M-OMPs were endowed with high special surface area and good superparamagnetism simultaneously, and exhibited high removal efficiency (>99%) for Methylene Blue (MB) within
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Ordered mesoporous polymers

was achieved over a wide range of pH 2-12 and the adsorption capacity for MB on M-OMPs
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was substantially retained even after 5 adsorption-desorption cycles, further demonstrating
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the application potential of M-OMPs in the decontamination of textile wastewater.
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Introduction
Porous organic polymers (POPs), a unique type of porous materials, are prepared from rigid organic building blocks by
strong covalent bond via coupling reactions (Lin et al., 2018;
Wang et al., 2017). They have been explored extensively in the
fields of gas adsorption (Wang et al., 2017), catalysis (Lin et al.,
2018), energy storage (Cheng et al., 2018) and wastewater treatment (Aguila et al., 2017; Alsbaiee et al., 2016). Presently, plenty
of POPs with various structures are emerging, such as conjugated microporous polymers (Li et al., 2011), hyper-crosslinked polymers (Liu et al., 2015), polymers of intrinsic microporosity (Mason et al., 2011), porous aromatic frameworks
(Lu et al., 2010), covalent triazine-based frameworks (ChanThaw et al., 2010), and ordered mesoporous polymers (OMPs)
(Liu et al., 2017; Meng et al., 2005). Among them, OMPs, linking monomers with covalent bonds to constitute a periodic
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porous skeleton, are porous substances characterized with
highly ordered and uniform mesopores, which therefore have
been corroborated as potential sorbents to capture contaminants from wastewater (Zhang et al., 2018).
Generally, the preparation of OMPs can be achieved
through hard template (e.g. SBA-15, MCM-48) (Kim et al., 2001;
Lakhi et al., 2017) or soft template (e.g. Pluronic F127, P123)
approaches (Liu et al., 2017; Yamauchi et al, 2008; Zhang et al.,
2005). To avoid using hazardous etching agents (e.g. HF solution) (Lu and Schüth, 2006) for the removal of hard template,
soft template strategy is a good alternative (Nandi et al., 2011;
Malgras et al., 2018). Nevertheless, some significant drawbacks, e.g., high-temperature hydrothermal synthesis condition, time-consuming up to several days, and the use of abundant solvent or acid/base catalysts, hinder their further advancement (Wu et al., 2006; Meng et al., 2005). Thus, more
simple and green alternative technologies are expected for
their preparation. Much effort has been made to simplify the
OMPs synthesis process. Remarkably, solvent-free strategy,
which merits no solvent consumption, short reaction time, decreased pollutant emissions, low energy consumption, as well
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as easy scale-up, is highly advantageous for OMPs preparation
(Shi et al., 2017; Wang et al., 2014; Zhu et al., 2016).
From the pollutants removal’s point of view, advance adsorption performance is highly expected for OMPs due to
the plenty of accessible active sites anchored on the surface of OMP networks (Wu and Zhao, 2011). Zhang et al.
(2015) reported that the well-developed mesoporous hypercrosslinked phenolic polymers was effective for Methylene
Blue (MB) capture basing on the strong hydrogen bonding interaction of MB molecular with phenolic-OH groups
(Kosonen et al., 2006; Valkama et al., 2007). Wu et al. (2010) prepared a series of phenol-formaldehyde resins with highly ordered mesoporous frameworks, which exhibited excellent adsorption capacity for toxic basic organic pollutants (134.2 and
317.5 mg/g for aniline and fushsin, respectively). Although
OMPs are very effective for pollutant removal, the exploration
of OMPs in the field of wastewater treatment is still in the early
stage. One of the main reasons is that OMPs are difficult to
be separated from solution by conventional separation techniques, such as centrifugation or filtration, which may cause
secondary pollution. To overcome the above shortcomings, incorporating magnetic nanoparticles (MNPs) into the framework of OMPs is a promising solution. It endows OMPs with the
ability of magnetic separation, which is easy-processing, costeffectiveness, and eco-friendliness. Obviously, it is highly desirable to develop a facile approach for the synthesis of magnetic OMPs (M-OMPs).
Herein, we aimed to synthesize M-OMPs by a solventfree polymerization strategy. With resorcinol and hexamethylenetetramine (HMTA) as precursors, M-OMPs were prepared in one-pot, which involved two stages: curing and template removing. At the first stage, the precursors, MNPs and
the block copolymer templates Pluronic F127, were well mixed
and then cured at 180°C. During this process, various reactions occur simultaneously, including resorcinol melting
and self-assembling with Pluronic F127, hydrolysis of HMTA
into formaldehyde and ammonia, wherein some of ammonia acted as catalyst to facilitate the polymerization of resorcinol with formaldehyde/ammonia to form M-OMPs. At the
second stage, the template Pluronic F127 was completely removed at high pyrolysis temperature (360°C). The as-prepared
M-OMPs exhibited high special surface areas and well-ordered
mesoporous structure. What’s more, by adjusting the amount
of MNPs in precursors, the saturation magnetization of MOMPs could be flexibly tuned. The adsorption performance of
M-OMPs towards organic contaminants in water was investigated by taking MB as a model molecule.

1.

Materials and methods

1.1.

Materials
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Pluronic F127, resorcinol and hexamethylenetetramine
(HMTA) were supplied by Aladdin (Shanghai, China).
Fe3 O4 @SiO2 MNPs was prepared according to a previous
procedure (Huang et al., 2015). Tetraethoxysilane (TEOS) was
provided by the organic silicon material company of Wuhan
University (Wuhan, China).

1.2.

Preparation of M-OMPs

The preparation of M-OMPs was based on a modification of the
reported method (Shi et al., 2017). Typically, the as-synthesized
Fe3 O4 @SiO2 (0.1 g), resorcinol (0.9 mmol, 1.0 g), HMTA (2.2
mmol, 0.3 g), and Pluronic F127 (2.5 g) were well mixed. After grinding for 10 min at room temperature, the well-blended
mixture was cured at 180°C for 12 hr. Subsequently, the resultant sample was calcined at 360°C for 5 hr under flowing
N2 to remove the template of Pluronic F127. The resultants
were obtained as M-OMP-X, where X (= 4, 3, 2, 1) represents
the amount of spiked MNPs (e.g. 400, 200, 100, and 50 mg, respectively) in the precursors. It should be noted that M-OMP-2
was employed as a representative in the adsorbents characterization of adsorption performance evaluation.
OMP material without MNPs addition was also prepared
with the same process. For comparison, the OMP material
without template, Pluronic F127, was also prepared, which was
denoted as N-OMP.

1.3.

Characterization

N2 adsorption/desorption isotherms were measured at 77
K using ASAP 2020 apparatus (Micromeritics, USA), and the
Brunauer-Emmet-Teller (BET) equation was used to calculate
the surface areas of M-OMPs. Fourier transform infrared spectrometer (FT-IR) spectra were performed on a NEXUS 870 spectroscopy (Thermo, Madison, USA) over the range of 4000-400
cm−1 . Data of saturation magnetization were collected on
a PPMS-9 vibrating sample magnetometer (VSM, QUANTOM,
USA). Thermodynamic analysis was carried out under N2
atmosphere (Diamond Thermogravimetric/Differential Thermal Analysis 6300, PerkinElmer, USA). The images of transmission electron microscopy (TEM) were taken using TEM

Scheme 1 – Solvent-free synthetic procedure for magnetic ordered mesoporous polymers (M-OMPs).
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Fig. 1 – (a) X-ray diffraction (XRD) patterns of magnetic nanoparticles (MNPs), OMP and magnetic ordered mesoporous
polymer with 100 mg MNPs spiked in the precursors (M-OMP-2); (b) small-angle XRD patterns of OMPs and M-OMP-2.

Fig. 2 – (a, b, c) Transmission electron microscopy (TEM) and (d) high-resolution TEM (HR-TEM) images of M-OMP-2.

(JEM-2010 electron microscope, Tokyo, Japan). The quantitative analysis of MB was achieved on Shimadzu UV-Vis spectrophotometer (UV-1800, Shimadzu, Japan).

1.4.

Batch adsorption experiments

Adsorption was performed using batch experiments. As a typical run for the adsorption, 5 mg M-OMPs was added into 10
mL MB solutions with different original concentration (50-600
mg/L). Adjustments of solution pH were achieved using 0.1
mol/L NaOH or HCl. After a certain period of incubation (60
min), the sorbent was rapidly isolated from solution by application of an external magnet. Then the supernatant was
transferred and determined using UV-Vis spectrophotometer.
All the adsorption experiments were performed three times.

2.

Results and discussion

2.1.

Characterization of the sorbent

The rapid and scalable synthesis of M-OMPs could be achieved
via a solvent-free strategy. As shown in Scheme 1, the pos-

sible formation mechanism is discussed as follow: primarily, the well blended mixture was cured at 180°C, wherein
the heating induced the fusion of resorcinol (melting point:
110°C) and self-assembly of surfactant (Pluronic F127). Simultaneously, the thermal pyrolysis of HMTA produced
ammonia and formaldehyde, which acted as catalyst and
cross-linking agents, facilitating the formation of polymers
through plentiful hydroxymethyl/aminomethyl-substituted
species (Liu et al., 2012,2017). As the reaction proceed, the
MNPs were incorporated into the frameworks of polymers
due to hydrogen bonds between Si-OH and phenolic hydroxyl
group (Huang et al., 2019). Subsequently, the template Pluronic
F127 was completely removed at high pyrolysis temperature
(360°C), resulting in the formation of M-OMPs (Huang et al.,
2018).
To confirm the formation of M-OMPs, small-angle X-ray
diffraction (XRD) and TEM characterizations were performed,
and results are included in Fig. 1a-b and Fig. 2a-d, respectively.
As illustrated in Fig. 1b, the diffraction peak at the 2θ range of
0.5-2° can be indexed as (110) reflection, indicating the presence of well-ordered hexagonal mesopores (Liu et al., 2017;
Meng et al., 2006). This finding was observed both in the patterns of OMP and M-OMPs, suggesting that the introduction of
MNPs hardly affect the formation of ordered mesopores. TEM
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Fig. 3 – (a) N2 adsorption-desorption isotherms and (b) pore size distributions (dV/dw) of MNPs, material without template
(N-OMPs), OMPs and M-OMP-2.

Fig. 4 – Fourier transform infrared spectrometer (FT-IR)
spectra of precursors and different resultant samples.
HMTA: hexamethylenetetramine.

images of M-MOP-3 clearly revealed that the MNPs were incorporated into the matrix of OMPs with well-ordered stripe-like
and hexagonally arranged mesopores, which was further confirmed by the XRD results (Fig. 1b). Furthermore, the crystal
lattice distances obtained from high resolution TEM images
were 0.25 and 0.30 nm, which are in good agreement with the
diffraction planes (311) and (220) characteristic of Fe3 O4 (JCPDS
No. 19-0629).
To obtain information about the pore structure (size and
distribution), a further investigation into M-OMP-2 was performed through N2 adsorption/desorption experiment. As
shown in Fig. 3, both of OMPs and M-OMP-2 exhibited typical
type-IV isotherms with H1 hysteresis loop, which clearly confirmed the existence of mesoporous structure. The obtained
BET surface areas of OMPs and M-OMP-2 were 693 and 506
m2 /g, respectively. The lower surface area of M-OMP-2 could
be attributed to the incorporation of MNPs, which was not
porous. The pore sizes of OMPs and M-OMP-2 were centered
at ˜9 nm, further confirming the highly ordered mesoporous
structure. As expected, pore volume reduced from 1.10 (OMPs)
to 0.71 (M-OMP-2) cm3 /g. It’s not surprising to find that the
surface area of N-OMPs was only 15 m2 /g, which was much
lower than that of OMP due to its nonporous structure. In other
words, the template of Pluronic F127 is of crucial importance
for the formation of porous structure during preparation process.
The chemical constituents of the resultant were further analyzed by FT-IR. As shown in Fig. 4, the characteristic peaks appeared at 3462 and 2960 cm−1 are contributed to the stretching
vibration of phenolic OH groups and C-H bond, respectively

(Shen et al., 2017). This observation indicated that the phenolic hydroxyl groups were anchored on the surface of pore walls
after template removal through pyrolysis, which was favorable for the MB adsorption (Kosonen et al., 2006; Valkama et al.,
2007). The peak observed around 1160 cm−1 , which was attributed to bending vibration of C-O bond, provided a straightforward evidence for the successful polymerization reaction
(Liu et al., 2017). Peaks at 465 and 1105 cm−1 could be ascribed
to the stretching vibration of Fe-O and Si-O bonds (Peng et al.,
2015; Tang et al., 2017; Zhao et al., 2018), indicating the formation of M-OMP-2 and incorporation of MNPs are successful.
To examine the thermal stability of OMPs and M-OMP-2,
thermal gravity analysis was carried out. As shown in Fig. 5a,
approximate 5% and 10% weight loss are observed in the range
of room temperature to 150°C for M-OMP-2 and OMP, respectively, which can be attributed to the removal of physically
adsorbed water on the porous surface of resultant samples
during heating process. The second domain weight loss between 350 and 600°C can be attributed to the decomposition
of polymer scaffolds, demonstrating good thermal stability of
the prepared M-OMPs. By changing the amount of MNPs added
during the grinding process, a series of M-OMPs with various
saturation magnetizations were obtained (Fig. 5b). In particular, the values of specific saturation magnetization for M-OMP1, M-OMP-2, M-OMP-3, and M-OMP-4 were 12.1, 15.1, 18.6, and
25.7 emu/g, respectively. Inspiringly, these M-OMPs can be isolated from solution rapidly with the assistance of a magnet.
This phenomenon can be attributed to its good superparamagnetism, which is beneficial for the efficient and rapid separation of the sorbent.

2.2.

Adsorption performance

The M-OMP-2 nanocomposite possessed high special surface
area, abundant phenolic OH groups, good saturation magnetism, and well-ordered mesoporous structure, leading to
a superior adsorption performance, especially good recovery
ability after adsorption. The adsorption performance of MOMP-2 as sorbent was investigated by taking MB as a model
pollutant. Primarily, the effect of incubation time of M-OMP2 with MB was investigated to evaluate the time taken to
achieve equilibrium. Fig. 6a shows that MB in the solution
can be adsorbed onto M-OMP-2 quickly with 99% removal efficiency within 10 min and the blue MB solution transforms
into colorless. The rapid adsorption kinetics can be ascribed
to its mesoporous structure, which is favorable for the mass
transfer and benefits the dynamics of adsorption (Wu and
Zhao, 2011).
The kinetic data for the adsorption were further analyzed
via pseudo-second order kinetic model (Zhao et al., 2017). As
shown in Fig. 6b, a good linear relationship between incubation time/the amount of analyte adsorbed at time t (t/Qt )
and incubation time (t) was observed, with correlation coeffi-
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Fig. 5 – (a) Thermogravimetric curves of MNPs, OMP and M-OMP-2 and (b) vibrating sample magnetometer (VSM)
magnetization curves of M-OMPs. Insets show the digital images of M-OMP-2 solution before (left) and after (right) magnetic
separation. M-OMP-X (X = 4, 3, 2, and 1): M-OMPs with the amount of spiked MNPs (400, 200, 100, and 50 mg, respectively)
in the precursors.

Fig. 6 – (a) Adsorption curve of Methylene Blue (MB) versus incubation time by M-OMP along with (b) pseudo-second order
kinetic plot with the initial concentrations of MB 50 mg/L. t: incubation time; Qt : the amount of analyte adsorbed at time t.

Fig. 7 – (a) Adsorption curve of MB on M-OMP-2 at different initial concentrations and (b) linear regression by fitting the
equilibrium adsorption data with Langmuir adsorption model for MB. Ce : the concentration of MB at equilibrium; Qe : the
amount of MB adsorbed per mass unit of adsorbent at equilibrium.

cient (R2 ) of 0.9985, demonstrating that chemical adsorption
was involved in the MB removal. Meanwhile, the value of rate
constant of the pseudo-second-order model (K2 ) was found
to be 0.103 g/(mg·min), which exceeds many other sorbents
for MB capture, such as coal-based activated carbon (0.00182
g/(mg·min)) (Niu et al., 2018) and chitosan-derived porous carbon (0.00406 g/(mg·min)) (Jin et al., 2018).
To assess the adsorption capacity of M-OMP-2 and OMP for
MB, adsorption isotherm experiments were performed. Fig. 7
depicts the MB isotherm curves at different initial concentration for M-OMP-2 and OMP respectively. The maximum
amount of MB adsorbed onto 1 g M-OMP-2 was found to be
1035 mg, which was comparable to, or even better than, other
magnetic materials, including polymer-grafted magnetic microspheres (925.9 mg/g) (Xu et al., 2017), magnetite/polymer
brush nanocomposites (470.2 mg/g) (Dolatkhah and Wilson, 2016), magnetic POPs (1153 mg/g) (Huang et al., 2017),
Fe3 O4 @zeolitic imidazolate frameworks-8 (ZIF-8) (20.2 mg/g)

(Zheng et al., 2014), g-Fe2 O3 /C@HKUST-1 (Hongkong University
of Techhnology-1) (370.2 mg/g) (Xiong et al., 2015), chitosan
and active charcoal-Fe3 O4 (500 mg/g) (Karaer and Kaya, 2016),
magnetic carbon nanospheres (45 mg/g) (Shao et al., 2015),
Fe3 O4 /polydopamine (PDA) (204 mg/g) (Zhang et al., 2014),
ionic liquid (IL) modified magnetic nanocomposite (143.9
mg/g) (Ni et al., 2019), and Fe3 O4 @MIL-100(Fe) (MIL = material from Institute Lavoisier) (78 mg/g) (Shao et al., 2016). In
addition, the experimental isotherm curve can be well described using the Langmuir isotherm model (Fig. 7b), implying a monolayer adsorption for MB on M-OMP-2 (Huang et al.,
2018).

2.3.

Adsorption mechanism

To gain a better insight into the adsorption mechanism, the effect of pH on the adsorption capacity and the zeta potential of
M-OMP-2 were analyzed, which are shown in Fig. 8. Notably,
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Fig. 8 – (a) Effect of pH on the adsorption of MB and (b) zeta potential for M-OMPs.

M-OMP-2 were consistent with that of as-prepared material,
revealing that the adsorbed MB was fully removed and the intrinsic structure of the adsorbent was well preserved simultaneously. The combination of thermal gravity analysis, adsorption performance over a wide pH 2-12, regeneration and
reusability of the sorbents demonstrated a notable stability of
the prepared M-OMPs.

3.

Fig. 9 – Adsorption capacity of M-OMP-2 for MB after 5
adsorption-desorption cycles.

the positively charged M-OMP-2 was transformed into negatively charged with the increase of pH from 2 to 6; the value
variation in zeta potential declined with further increase of pH
to 12, which may be explained by deprotonation of almost all
phenolic OH groups in the prepared M-OMP-2. Assuming the
cationic MB are adsorbed onto M-OMP-2 via electrostatic interaction, a highly positive zeta potential of M-OMP-2 under alkaline condition would promote the adsorption. However, it’s interesting that no remarkable decrease was found for cationic
MB adsorption capacity over a wide pH range 2-12. Such phenomenon suggested that other mechanism plays a dominant
role in the high-efficient adsorption. Similar results obtained
by other researchers (Kosonen et al, 2006; Valkama et al, 2007)
suggested that the phenolic -OH groups functionalized porous
materials could adsorb cationic MB with nitrogen containing
aromatic ring through strong hydrogen bonding. Due to abundant phenolic -OH groups anchored on the surface of mesopores, M-OMP-2 could adsorb cationic MB via hydrogen bonding. Thus, both electrostatic interaction and hydrogen bonding
are assumed to be responsible for the adsorption of MB onto
M-OMP-2.

2.4.

Regeneration and reusability

One of the most attractive advantages of magnetic materials is
their easy recycle ability, which is beneficial to lowing the cost.
The regeneration of M-OMP-2 was evaluated and it was found
that MB could be completely eluted by using methanol solution containing 0.1 mmol/L hydrochloric acid. Fig. 9 reveals
that the adsorption amount of MB on M-OMP-2 was kept constant in five recycle uses. Further assessments were carried
out by using TEM (Appendix A Fig. S1) and FT-IR (Appendix
A Fig. S2) characterization for the re-used sorbent to evaluate
its stability. The morphology and FT-IR spectrum of re-used

Conclusions

In summary, we have successfully prepared a series of MOMPs by utilizing a convenient and efficient solvent-free
method, in which the ordered mesoporous structure was well
maintained. The incorporation of MNPs into the frameworks
of OMPs endowed M-OMPs with controllable magnetic separation ability, which is favorable for the rapid isolation of sorbents from matrix. The as-prepared M-OMPs exhibited high
special surface area and good superparamagnetism. Impressively, the optimal sorbent M-OMP-2 with high adsorption capacity (1035 mg/g) for MB exhibited fast adsorption kinetic
(K2 = 0.103 g/(mg·min)) and good recycle stability. Moreover,
porous materials with abundant –OH groups can adsorb some
organic substances through the formation of strong hydrogen bonding interaction. Due to the high surface areas, large
pore volumes, uniform pore sizes and ample –OH functional
groups, the as-prepared M-OMPs can be extended for removal
of other organic pollutants, e.g., dyes, phenolic compounds
and pharmaceuticals. The proposed solvent-free strategy is an
efficient way to develop various OMP composites for multiple
applications including wastewater treatment, photocatalysis
and highly selective separation.
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