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Multifunctional porous organic polymers 
embedded with magnetic nanoparticles† 
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and Renqiang Yang*c
 

 
Multifunctional hybrid polycarbazoles were prepared with a novel core–spacer–shell structure. Magnetism, 

a conjugated system and an ultramicroporous structure are combined in one bulk material. SEM and TEM 

images show the obvious core@shell structure in the nano-region. Nitrogen gas sorption, magnetic and 

surface wettability analyses indicate the multifunctionality of the obtained materials. Their high efficiency 

dynamic adsorption (water treatment) and static separation (CH4/CO2 gas selectivity) allow these novel 

materials to be employed as facile tools for environmental treatment and in energy storage fields. 

 

Introduction 

Recently, extensive research has been undertaken to study novel 

and multifunctional porous materials, which have shown great 

promise for environmental treatment and energy related 

applications. Porous organic polymers (POPs) especially 

conjugated microporous polymers (CMPs) have attracted great 

interest as a new class of advanced materials due to their unique 

structures combining extended p-conjugation with micropo- 

rous polymers.1 CMPs have advantages like low mass density, 

high chemical and thermal stability, tunable pore size and large 

surface areas which make them highly competitive with other 

porous materials. CMPs have demonstrated great potential for 

water system treatment, pollutant adsorption and separation,2 

gas storage,3 supercapacitive energy storage,4 heterogeneous 

catalysis,5  and chemosensing.6
 

How to design CMP materials with multiple functions and 

thereby expand their applications is a meaningful and imper- 

ative subject. (1) Magnetic carrier technology (MCT) has been an 

important tool in biological and environmental elds since it 

was reported.7 The prominent advantage of MCT is that 

magnetic materials can automatically assemble under an 
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external magnetic eld. Therefore, the combination of MCT and 

ultramicropores in one structure to form multifunctional 

materials is signi cative. (2) Core–shell structures are of more 

interest in nanoscience and the colloid eld,8 and can provide 

a facile way to fabricate hybrid materials. Fe3O4 magnetic 

nanoparticles owing to their superparamagnetism, large satu- 

ration magnetization, high magnetic susceptibility and low 

toxicity have been used in the magnetic eld.9 However, Fe3O4 

nanoparticles (Fe3O4 NPs) suffer from some inherent limita- 

tions such as easy aggregation, oxidation and variable magnetic 

properties in complex systems.10 The above limitations and the 

structure of cellulose11 and chitosan12 inspire us to explore 

a new extraction method by coating magnetic NPs with micro- 

porous polymers to design a hydrophobic lightweight protective 

shell. Based on the above background, to prepare a hybrid 

material (core@shell) combined with magnetism, p-conjuga- 

tion and microporosity would be interesting. The shell formed 

by rigid highly crosslinked CMP networks could prevent the 

core Fe3O4 NPs from aggregation and oxidation effectively; at 

the same time the Fe3O4 NP core was anticipated to endow the 

microporous polymer with magnetic properties. Tan and Gao 

reported the hypercrosslinking of precursors to produce 

magnetic microporous polymer nanoparticles (MMPNs) and 

Fe3O4/SiO2/P(MAA-co-VBC-co-DVB),  respectively.13  Zhu  used 

a microwave-enhanced high-temperature ionothermal method 

to prepare a magnetic porous carbonaceous polymeric material 

for organic dye separation.14 In this work, we designed and 

prepared magnetic microporous materials with a miraculous 

core@shell structure and they have a good adsorption ability. 

The CaCO3 template method is an effective way to enlarge the 

pore volume of materials,15 in which Fe3O4 NPs are used as 

a core and coated with a CaCO3 template, and then different 

thickness CMP shells are formed by further polymerization of 

poly(N-vinlycarbazole) (PVK) to form a polycarbazole conjugated 

shell. More reports have shown that conjugated polycarbazoles 
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are a potential candidate in the organic porous eld.16 The 

detailed illustration of the preparation procedure is shown in 

Scheme 1. CaCO3 is of low cost and easily etched by acid pick- 

ling. A er removing the CaCO3 template with acetic acid, 

abundant hollow cavities were shaped between the Fe3O4 NP 

core and CMP shell which can generate hierarchical porosities 

and enlarge the total pore volume. Varying the content of Fe3O4 

NPs can tune the magnetic strength and the pore parameters of 

the hybrid materials. The easily fabricated hierarchical material 

would maintain the advantages of both components and 

promote the actual utilization performance. 

 

Experimental 
Materials 

Toluene, tetrahydrofuran (THF) and chloroform were puri ed 

by distillation prior to use. 2,20-Azobis-isobutyronitrile (AIBN) 

and N-vinyl carbazole (VCz) were purchased from J&K and 

anhydrous ferric chloride was obtained from Aldrich and used 

as received. Ferric chloride hexahydrate (FeCl3$6H2O), ferrous 

chloride tetrahydrate (FeCl2$4H2O), sodium hydroxide (NaOH), 

anhydrous sodium carbonate (Na2CO3), calcium chloride 

(CaCl2), and acetic acid (HAc) were all obtained from J&K or 

Aldrich. Ultrapure water was prepared in the lab using a Milli-Q 

SP reagent water system (Millipore, Bedford, MA, USA). 

1. Fe3O4 nanoparticles. Fe3O4 nanoparticles were prepared 

by a chemical co-precipitation method as reported in the liter- 

ature.10 5.2 g of FeCl3$6H2O, 2.0 g of FeCl2$4H2O and 0.85 mL of 

HCl (12 mol L—1) were dissolved in 25 mL of deionized water 

(degassed with nitrogen gas before using) to prepare a stock 

solution. 250 mL of 1.5 mol L—1 NaOH solution was heated to 

80 oC in a beaker. The stock solution was added dropwise under 

nitrogen gas protection and vigorous stirring using a non- 

magnetic stirrer. A er the reaction completion, the obtained 

Fe3O4 NP precipitate was separated from the reaction medium 

by ltration, and dried under vacuum at room temperature 

a er washing four times with 200 mL of deionized water. 

2. Fe3O4@CaCO3. Fe3O4@CaCO3 composites were 

prepared by a previously reported chemical co-precipitation 

method.2 To prepare the Fe3O4@CaCO3 composites, calcium 

chloride (0.6 M) was dissolved in 50 mL of the as-prepared 

   Fe3O4 suspension under vigorous stirring. Then equal 

volumes of Na2CO3 solutions (with equal salt concentrations) 

were rapidly added, followed by stirring at room temperature 

for 4 h.3 The solid was separated and washed with ultrapure 

water three times, and nally dried under vacuum for 12 h. 

3. Poly(N-vinylcarbazole) (PVK). A typical procedure to 

prepare PVK is as follows: VCz (1.5 g, 7.75 mmol) and AIBN 

(55.5 mg, 0.39 mmol) were dissolved in dry toluene and the 

mixture was put into a two-neck round bottom ask. The 

mixture was heated at an operational temperature of 70 oC and 

stirred for 6 h under a nitrogen atmosphere. The solid was 

separated by ltration and washed three times with methanol 

and dried under vacuum at room temperature for 48 h to get 

a white solid (1.2 g, 80% yield). 

4.   Fe3O4@CMPs  (Fe3O4 : CMPs  ¼ 10%,  20%,  30%, 40%) 

and pure CMPs. To synthesize Fe3O4@CMP composites with 

different composition ratios, Fe3O4@CaCO3 particles (20, 40, 

60, and 80 mg) and PVK (200 mg) were dispersed in 30 mL 

anhydrous chloroform and stirred for 0.5 h at 0 oC. A 

suspension of ferric chloride (1.38 g, 8.28 mmol) in 20 mL of 

anhydrous chloroform was transferred dropwise to the above 

mixture under nitrogen protection at room temperature. The 

solution mixture was mechanically stirred for 24 h at room 

temperature under nitrogen protection, and then 100 mL of 

methanol was added to the mixture. The resulting precipitate 

was collected by ltration and washed with methanol and 

ultrapure water. Then, the materials were dispersed in 120 mL 

acetic acid solution (HAc : methanol : H2O 1 : 1 :  10) for 

24 h and collected by ltration. The obtained material was 

extracted in a Soxhlet extractor with methanol for 24 h, and 

then with THF for another 24 h, a er which the desired 

polymer was collected as a grey white solid and dried in 

a vacuum oven at 80 oC overnight (204 mg (92%), 221 mg 

(92%), 239 mg (92%), and 253 mg (90%)). Pure CMPs without 

Scheme 1 Synthetic route for Fe3O4@CMP preparation and diagram 
for treatment of pollutants. 

Fe3O4 NPs were also synthesized through the same procedure 

as that given in ref. 17. 
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Characterization 

The structures of PVK and pure CMPs were con rmed by 13C 

CP/MAS solid-state NMR spectroscopy on a Bruker Avance III 

model 400 MHz NMR spectrometer at a MAS rate of 5 kHz. All 

the materials were also characterized by ATR-IR spectra which 

were collected in attenuated total re ection (ATR) mode on 

a Thermo Nicolet 6700 FT-IR Spectrometer. Thermogravimetric 

analysis (TGA) was carried out using an SDT Q600 V20.9 Build 

20 with a temperature ramp of 10 oC min—1 from 20 to 800 oC. 

The magnetic properties were analysed on a Squid VSM 

(Quantum Design). Scanning electron microscopy (SEM) was 

performed using a Nova™ NanoSEM 430 (FEI Company) with 

acceleration voltage 5.0 kV and working distance 6.9 mm or 7.0 

mm. Transmission electron microscopy (TEM) was performed 

using a Hitachi H-7650. The particle size distribution was 

measured on a Laser Particles Distribution Instrument (LPDI) 

Malvern Zetasizer Nano S90, and four hybrid polymers were 

dispersed in ethanol under ultrasound conditions for 5 h. The 

residual Ca content was determined using inductively coupled 

plasma mass spectrometry (ICP-MS, Agilent 7500a) a er the 

polymers were fully dispersed in concentrated nitric acid. All 

the samples were tested on an Autosorb-iQ-MP-VP volumetric 

adsorption analyser with the same degassing procedure. And 

the polymers were degassed at 120 oC for 10 h under vacuum 

before analysis to remove residual moisture and other trapped 

gases. The BET surface areas and pore size distributions were 

measured by nitrogen adsorption–desorption at 77 K in a liquid 

nitrogen bath. CO2 and CH4 uptake capacities were measured at 

273 K up to 1.0 bar. H2 adsorptions were determined at 77 K 

from zero to 1.0 bar. 

 

Results and discussion 

The molecular structure of CMPs was con rmed by ATR-IR and 
13C CP/MAS spectra. Four hybrid materials have been prepared 

with an Fe3O4 weight ratio from 10% to 40% (the material 

named 30% Fe3O4@CMPs represents that the mass of Fe3O4 

compared to that of the CMPs is 30%). The ATR-IR spectra of 

Fe3O4 NPs, Fe3O4@CaCO3, and Fe3O4@CMPs are shown in 

Fig. S1.† The ATR-IR spectra of the four Fe3O4@CMP products 

were exactly similar and the peaks are characteristic of PVK as 

previously reported.18 The NMR spectra of PVK and the pure 

CMP shell without magnetic Fe3O4 NPs have been measured to 

con rm the molecular structure of CMPs (Fig. S2†). The broad 

peaks at 35, 50, 110, 120, 124 and 139 ppm are typical charac- 

teristic peaks of N-vinyl carbazole and demonstrate the 

successful polymerization of N-vinyl carbazole. The hybrid 

polycarbazoles exhibit excellent heat resistance with decompo- 

sition temperatures (Td 10%) up to ca. 444, 434, 441 and 436 oC 

for 10, 20, 30 and 40 wt% Fe3O4@CMPs, respectively (Fig. S3†). 

As the main UV-vis absorption bands occur at 261, 295, 331 and 

344 nm for pure PVK,19 the broad absorption bands from 200 to 

400 nm of the UV-vis spectra in Fig. S4† con rm the structure of 
poly(N-vinylcarbazole). The maximum absorption peak of Fe O 

powder X-ray diffraction (P-XRD, Fig. S5a–d†) was used and the 

results show the Fe3O4@CMPs without any crystalline phase, 

assigned to an amorphous aggregation. The size distributions 

of the hybrid materials which were measured using the LPDI 

show that the polymers have a uniform particle dimension and 

the particle sizes have little relationship with the concentration 

of Fe3O4@CaCO3 NPs added. The domain particle dimension of 

the 10% Fe3O4@CMPs is around 164 nm, 20% Fe3O4@CMPs is 

167 nm, 30% Fe3O4@CMPs is 142 nm and 40% Fe3O4@CMPs is 

121 nm (Fig. S6†). 

The SEM images of the Fe3O4 NPs, Fe3O4@CaCO3, 30% 

Fe3O4@CMPs, and CMP are shown in Fig. 1a–d and S7.† The 

Fe3O4 NPs have a relatively non-uniform hard surface aggre- 

gated by plenty of Fe3O4 nanoparticles. The Fe3O4@CaCO3 

particles possess a clear homogeneous and cubic morphology 

which is remarkably different from that of the naked Fe3O4 NPs 

caused by the coating of CaCO3. This means that the Fe3O4 NPs 

are covered by CaCO3 particles successfully. The prepared 

hybrid materials have similar aggregation morphologies con- 

sisting of relatively uniform spheres. A er being etched with 

acetic acid, the cubic particles disappeared and were replaced 

by the spherical particles. The TEM images show the inside of 

the Fe3O4@CMP particles. The core (the shadow region) was 

embedded in the CMP shell (the outside pale region) hetero- 

geneously as the obvious core@shell structure, and the size 

dimension of the Fe3O4 NP core ranges from 30 to 80 nm 

(Fig. 1e, more images are shown in Fig. S8†). A er washing with 

acetic  acid solution,  some spheroidal  holes  (the  white 

 
 

 

Fig. 1   SEM images of the (a) Fe3O4 NPs, (b) Fe3O4@CaCO3, (c) 30% 
3   4     Fe3O4@CMPs and (d) polycarbazole network. TEM images of (e) 30% 

which should be around 300 nm is overlapped with the bands of 

poly(N-vinylcarbazole). To investigate the  morphologies, 
Fe3O4@CMPs, (f) Fe3O4 NP cores and etched CaCO3 holes; the yellow 

arrows indicate the core and  shell. 
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transparent region) were formed in the bulk polymers by H+ 

etching the CaCO3 (Fig. 1f, more images are shown in Fig. S9†), 

and the size dimension of the holes ranges from 20 to 100 nm, 

indicating that etching is an effective way to enlarge the pore 

volume of materials. The TEM images provide strong evidence 

for the success of this template method, and the magnetic 

Fe3O4 cores are totally covered by the highly crosslinked 

microporous shells which is bene cial to protect them from 

aggregation and oxidation effectively. 

The CaCO3 template method could enhance the pore 

volume, but the removal of the residual template from micro- 

porous polymers is hard work. The content of the remaining Ca 

element was determined by ICP-MS, which was 2.543 mg g—1 for 

10% Fe3O4@CMPs, 1.347 mg g—1  for 20% Fe3O4@CMPs, 

9.034 mg g—1 for 30% Fe3O4@CMPs and 28.33 mg g—1 for 40% 

Fe3O4@CMPs. 

 
Nitrogen gas adsorption analysis 

The porous structures of the hybrid materials Fe3O4@CMPs 

were investigated using nitrogen isotherms at 77 K shown in 

Fig. 2a.20 To deeply understand the porous structure of the 

Fe3O4@CMPs, the nitrogen isotherm of the naked Fe3O4 NPs 

was also measured. It can be seen that the naked Fe3O4 NPs give 

rise to a type V nitrogen sorption isotherm with N2 hysteresis 

loops according to the IUPAC classi cation (the pore size 

distributions are shown in Fig. S10† calculated by nonlocal 

density functional theory (NLDFT)).21 The prepared Fe3O4@- 

CMPs exhibit similar adsorption–desorption isotherms, which 

are combinations of type I and II nitrogen sorption isotherms.20 

The predominant microporous structures were con rmed by 

the isotherms in which a high uptake was obtained at relatively 

low pressures (P/P0 ¼ 0–0.01). The gradual increase in adsorp- 

tion branches under moderate pressures and a sharp gas uptake 

at high pressures above 0.9 (P/P0) may be due to some meso- 

porosity and interparticle voids.22. The detailed porous param- 

eters of the prepared materials are shown in Table S1.† The BET 

surface areas of the Fe3O4@CMPs with different hybrid ratios 

decrease with the addition of Fe3O4 as the values are 735, 680, 

636, and 518 m2 g—1 for 10% Fe3O4@CMPs to 40% Fe3O4@- 

CMPs, respectively. The BET surface areas of the Fe3O4@CMPs 

are much higher than those of the naked Fe3O4 NPs, but lower 

than those of CMPs without a magnetic core. This can be 

explained in the way that the low porosity magnetic core results 

 

 

Fig. 2 (a) Nitrogen adsorption–desorption isotherms,  and  (b)  total 

pore volume. 

in decreasing of the BET surface areas due to the weight 

contribution. Although the composite materials have lower 

surface areas, the total pore volumes are higher or competitive 

compared to those of pure CMPs (Fig. 2b and Table S1†). Thus, 

there should be some spacers between the Fe3O4 core and CMP 

shell a er the etching of the CaCO3 layer. It is worth mentioning 

that the materials prepared by the template method have 

a relatively large pore volume as hollow cavities exist between 

the core and shell. The narrow pore size of less than 2 nm which 

should belong to the shell structure represents a typical 

microporous/mesoporous distribution of the conjugated 

organic networks (Fig. S10†). The similar domain sizes of the 

Fe3O4@CMPs with different core ratios indicate that the 

microporous size distributions of the core@shell structure 

mainly depend on the shell network and have almost no rela- 

tion to the magnetic core. So the shell structures may be the 

main region for small molecular separation, and the nature of 

the conjugated shell networks would play key role for the hybrid 

materials. 

 
Magnetic, wettability and pollutant treatment (water/gas 

system) 

The hysteresis loops of the Fe3O4 NPs, Fe3O4@CaCO3, and 

Fe3O4@CMPs were measured at room temperature (Fig. 3a and 

S11†). It is clear that the materials exhibit typical super- 

paramagnetic behaviour as there is no hysteresis, remanence or 

coercivity. It is obvious that the maximal saturation magneti- 

zation value of the hybrid core@shell structure is increased as 

the ratio of the Fe3O4 NPs is increased, with 40% Fe3O4@CMPs 

reaching 2.99 emu g—1, indicating that the core weight contri- 

bution is crucial for the magnetic intensity. In particular, 10% 

and 20% Fe3O4@CMPs can hardly stick to a magnet due to their 

weak magnetisms. As to 30% and 40% Fe3O4@CMPs the 

maximal saturation magnetizations are strong enough to stick 

them to a magnet or separate them from solution under an 

external magnetic eld. It is also found that the maximum 

magnetic strength is not linear with the amount of Fe3O4 NPs. 

This phenomenon may be ascribed to multiple factors deter- 

mining the magnetism of the Fe3O4@CMPs. The hybrid 

concentration of the Fe3O4 NP core, the thickness of the CMP 

shell and the size of the spacer may all have different levels of 

effects on the magnetic performance of the Fe3O4@CMPs. To 

 
 

Fig. 3 (a) Hysteresis loops of the magnetic Fe3O4@CMPs  with  

different Fe3O4 weight ratios, and (b) surface wettability test: an image 

of a drop of water on the 30% Fe3O4@CMP surface. 
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use this multifunctional hybrid material in complex application 

environments, its porous structure and magnetism had been 

shown above; surface wettability is another critical function. If 

the absorbent has strong hydrophobicity, it is easy to collect 

when treating the polluted water. The surface wettabilities of 

the Fe3O4@CMPs were studied (Fig. 3b). It was found that the 

contact angle is in the range of 114–124o for water, which 

demonstrates the hydrophobic nature of the hybrid materials. 

The highly hydrophobic surfaces plus the low density of the 

organic pores make the adsorbent keep oating on the surface or 

the near surface region. The preliminary water system 

application test is shown in Fig. 4a–c. A hybrid polymer powder 

was added into an ampoule under ultrasound conditions until 

the powder was fully dispersed in the water, and then a block of 

magnet was waggled around the ampoule quickly, a er 

which the dispersed powder automatically formed into a 

ball and moved following the magnet. The hybrid powder 

was then collected from the water, and the ratio of the 

residue is about 97% a er ten times recycling. Crude oil 

polluted water as shown in Fig. 4d and 5 mg of hybrid powder 

were put onto the center of a Petri dish, and then a block of 

magnet was xed on the le side of the Petri dish. Five 

seconds later, the hybrid powder was automatically assembled 

onto the le  surface of the water, and the thickness of the 

crude oil layer showed an obvious reduction upon visual 

inspection (Fig. 4e). A er 15 s, most sections of the polluted 

surface turned clear and the permanent magnetic powder 

assembled together under the magnetic eld (Fig. 4f). This 

result shows that the core@shell porous material is very 

suitable for crude oil treatment. 

We also investigated the adsorption capacity of other organic 

solvents using the same method as reported3b (Fig. 4g and Table 

S2†). The adsorption capacity of the Fe3O4@CMPs ranges from 

300 to 1600 wt%. They are excellent adsorbents for halogen 

solvents, such as chloroform and dichlorobenzene. It can be 

clearly seen that the adsorption capacity of the hybrid materials 

decreases as the Fe3O4 ratio increases from 10% to 40%, which 

may be explained by the fact that the hybrid materials with 

lower Fe3O4 concentrations possess higher total pore volumes 

and larger BET surface areas. As the kinetic diameters of the 

 

 

Fig.  4   Movement  of  the  dispersive  Fe  O  @CMPs  in  water under 

 

 
 

Fig. 5 (a) CO2 and CH4 adsorption isotherms at 273 K, and (b) fitting of 
the initial gas uptake slopes. 

 
 

 

 
selected organic solvents are smaller than the pore size of the 

composite materials, the solvents can be adsorbed into the 

micro/mesopores and the space reservoir region of the core@- 

shell formed by the etched CaCO3. Therefore, the adsorption 

capacity may be in uenced by the density of solvents, total pore 

volumes and surface areas. In addition, their magnetic prop- 

erties help them to be easily attracted and separated by applying 

an external magnetic eld. Considering the superior adsorption 

capacity of organic solvents and unique magnetic properties, 

these materials have great potential for the removal of 

contaminants in water systems. 

Methane is the main component of natural gas, is available 

in large quantities and has a high ratio of hydrogen/carbon 

compared to other hydrocarbons, but during CH4 trans- 

portation, the existence of CO2 reduces the energy density of 

natural gas and seriously corrodes the pipelines, especially in 

humid environments. The alkalescent nitrogen and ultra- 

micropore containing polycarbazole shell can provide high 

sorption enthalpy for acidic CO2 gas; meanwhile the magnetic 

core can rmly x the adsorbent in the separation mesh, 

avoiding the adsorbent loss as the CH4 gas ows. CO2 and CH4 

isotherms of the hybrid materials were collected at 273 K as 

shown in Fig. 5a and S12.† The captured CO2 is 10.47%, 9.51%, 

9.18% and 7.95 wt% for 10–40% Fe3O4@CMPs, respectively, 

which are comparable with other reported organic porous 

polymers. The ideal gas CH4/CO2 selectivity estimated using the 

ratios of the Henry law constants calculated from the initial 

slopes of the isotherms in the low pressure range is shown in 

Fig. 5b. Linear tting calculations show that the CO2/CH4 

selectivity is 5.6, 5.4, 5.3 and 5.9, respectively. The four hybrid 

materials have a nearly similar selectivity, indicating that the 

microporous shell structure is the key to small molecular 

separation and the space between the shell and core provides 

a storage bin for the CO2 adsorbate. In their practical applica- 

tion, optimization of the trade-off between the BET surface area, 

total pore volume and intensity of the magnetism needs to be 

done rst. 

3   4 

a magnetic field. (a) 10 mg of porous materials was added in 3 mL 

water under sonication until getting a homodisperse phase. (b and c) A 

block of magnet is moved upwards and to the left side around the 

ampoule. (d–f) Oil adsorption test. (d) Crude oil polluted water surface 

(10 cm diameter). (e) 5 mg of the Fe3O4@CMPs put onto the centre of 

Conclusions 

In summary, we designed and synthesized polycarbazole based 

multifunctional hybrid materials Fe O @CMPs with a core– the Petri dish after 5 seconds. (f) The porous materials automatically 3   4 

adsorbed the crude oil and assembled onto the water surface after 15 

seconds. (g) Adsorption capacity of lab solvents. 

spacer–shell structure. Magnetism, a conjugated p-system and 

a porous structure are combined in one bulk material. These 
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materials can be used as dynamic adsorbing (water treatment) 

and static separation (gas CH4/CO2 selectivity) two working 

modes under magnetic eld. The hydrophobic and low density 

properties enable those materials to adsorb pollutants from 

water with low cost, especially in dangerous environments. The 

intensive magnetism and ultramicroporosity are favourable for 

industrial (such as power stations) small molecular separation 

and avoiding raised dust produced by adsorbent loss. More 

work is needed to optimize the multifunctionality and trade-off 

the BET surface, pore width distribution, magnetism and 

wettability of these miraculous materials. 
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