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a b s t r a c t
Developing magnetic adsorbents with high adsorption capacity and rapid adsorption rate is one 
of the greatest challenges for the removal of methyl blue (MB) from aqueous media. In this work, a 
novel nitrogen-doped porous magnetic carbon (denoted as N-PMC) was designed and synthesized 
by one-step pyrolysis method. The obtained novel porous carbon N-PMC was found highly effective 
in removing MB from aqueous solution. The MB adsorption rate (k2 = 1.34 mg g–1 min–1) of N-PMC is 
rapid, which is 15–20 times greater than those of activated carbon. The maximum adsorption capac-
ity of N-PMC at room temperature calculated from the Langmuir model was 1,053.5 mg g–1, one of 
the highest values among the currently reported magenetic adsorbents. Both experimental results 
and the DFT calculations illustrated that the electrostatic interaction between the N heteroatoms 
of the N-PMC and MB, which was responsible for efficient adsorption. Furthermore, the N-PMC 
could be easily isolated by magnetic force and recycled at least five times without significant loss 
in adsorption capacity. Therefore, the convenient synthetic route, the high adsorption capacity, the 
rapid adsorption rate and fast separation process make the porous carbon an attractive adsorbent for 
removing organic dyes from aqueous solution.
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1. Introduction

Organic dyes, especially methyl blue (MB), are import-
ant chemicals widely used in rubbers, pharmaceuticals, 
leather, papers, varnishes and dyestuffs, and so on [1,2]. 
However, these chemicals are toxic even at low concentra-
tions and raise concerns about potential negative effects on 
human health [3]. Therefore, appropriate methods need to 
be adopted to treat wastewater. Up to now, various meth-
ods are undertaken including physical, chemical, biological 
and adsorption treatments [4–8]. Among them, adsorption 

is particularly considered as an easy-operation, low cost, 
recyclable and high-efficiency technology to separate pol-
lutants from water [9]. The key to adsorption technology 
is to choose efficient adsorbents. In the adsorbent materi-
als, many porous materials have been extensively studied. 
For example, Deng et al. [10] prepared perfluorous conju-
gated microporous polymers with extraordinary capabil-
ity for water treatment. Zhao et al. [11] synthesized silica 
nano-sheets obtained from vermiculite, which exhibited the 
adsorption potential towards methylene blue and outstand-
ing recyclability through ethanol treatment. However, all of 
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them require long time and complicated separation process 
after saturated adsorption. Hence, it is very important to 
develop new technologies for efficient removal of MB from 
aqueous media.

To solve the above problem, magnetic solid-phase 
extrac tion (MSPE) based on magnetic adsorbents has been 
developed as a promising technique in separation [12]. 
With respect to the MSPE procedure, the pollutant can be 
adsorbed rapidly onto the magnetic adsorbent and then 
be easily separated by an external magnet, which greatly 
simplifies the treatment procedure and enhances removal 
efficiency. So far, many functionalized porous materials with 
distinct magnetic property have been applied in removal 
of dyes, such as activated carbon [13], zeolitic imidazole 
frameworks [14], conjugated microporous polymers [10], 
and metal-organic frameworks [15]. However, these mag-
netic porous adsorbents often suffer from many drawbacks 
such as complicated synthesis process, slow adsorption rate 
(of the order of hours) and low adsorption capacity. 

Generally, the removal efficiency for dyes would mainly 
depend on the functional groups on the surface of the 
adsorbents. The doping of a heteroatom into the carbon skel-
eton has attracted extensive attention because the process 
can tailor the surface properties of porous carbon [16]. In 
the past, different kinds of heteroatoms (e.g., phosphorus, 
boron, silicon, nitrogen, etc.)-doped carbons have been pre-
pared and applied in various fields [17–20]. Among them, 
because of the unique basic sites, the nitrogen-doped carbon 
has attracted much attention, which can have much adsorp-
tion capacity for acidic molecules [21,22]. MB is an acidic 
dye. In principle, the nitrogen-doped carbon would exhibit 
good adsorption in MB. However, to the best of our knowl-
edge, the application of nitrogen-doped porous magnetic 
carbon for MB has rarely been reported.

In this work, we designed and synthesized a novel nitro-
gen-doped porous magnetic carbon (N-PMC) with micro-
spheres configuration by a simple pyrolysis method. The 

obtained magnetic adsorbent has an unexpectedly high 
adsorption capacity and fast adsorption rate for MB. Under 
the optimized condition, the N-PMC showed a relatively 
high MB adsorption capacity with 1,053.5 mg g–1. The MB 
adsorption rate exhibited by N-PMC is 15–20 times greater 
than that of activated carbon. More significantly, the N-PMC 
could be easily isolated by magnetic force after saturated 
adsorption. Additionally, insights of the nature of interaction 
between MB with the magnetic adsorbent were also revealed 
by the experimental results and the DFT calculations.

2. Experimental

2.1. Reagents and materials

All purchased chemicals were of reagent grade and 
used without further purification. Melamine (M, 99%), 
resor cinol (R, 99%), formaldehyde (F, 37 wt% H2O) and 
Fe(NO3)3·9H2O were purchased from Aladdin Chemistry 
Co. Ltd. (Shanghai, China). All other solvents and methyl 
blue (MB, 98%) were purchased from TCI America (Boston, 
United States).

2.2. Preparation of nitrogen-doped magnetic carbon (N-PMC)

As shown in Fig. 1, 1.01 g melamine (M, 8 mmol) and 
1.94 g formaldehyde (F, 37 wt%, 24 mmol) were slowly 
added in 30 mL distilled water. Then the MF mixtures were 
not stopped stirring at 80°C until the solution became clear. 
Next, 0.88 g resorcinol (R, 8 mmol) and 1.29 g formaldehyde 
(F, 37 wt%, 16 mmol) were also slowly added in 30 mL distilled 
water and then RF mixtures were heated at 40°C for 1 h. After 
the MF solution became clear and the temperature dropped 
to 40°C, the RF solution was mixed with it under continu-
ous stirring for 30 min. 4.80 g Fe(NO3)3·9H2O was dissolved 
in the above solution. Then the solution was transferred to 
Teflon-lined autoclave and under static conditions heated at 

Fig. 1. Schematic representation of synthesis of nitrogen-doped porous carbon N-PMC.
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180°C for 24 h. The precipitates MRF-Fe were collected by fil-
tration and washed with distilled water, dried at 60°C under 
vacuum. Finally, the resultant carbon N-PMC was obtained 
by carbonizing the precipitates MRF-Fe at 800°C for 3 h in 
nitrogen flow with a heating rate of 5°C min−1.

2.3. Characterization

The powder X-ray diffraction (XRD) pattern was recor-
ded on a D/Max2550 VB/PC diffractometer (40 kV, 200 mA) 
using Cu Kα as the radiation. The morphology of samples 
was characterized by a Nova NanoSEM 450 field emis-
sion scanning electron microscope. Transmission electron 
microscope (TEM) images were recorded on JEM-2100. 
N2 isotherms at 77 K were measured by Micromeritics ASAP 
2020 (Beijing, P.R. China). Before adsorption measurements, 
the samples were degassed at 120°C for 24 h. The specific 
surface area was calculated by the Brunauer–Emmett–Teller 
(BET) method. The thermal stability was determined using a 
TGA unit (NETZSCH STA 499 F3) in N2 atmosphere at a heat-
ing rate of 10°C min–1. The Fourier transform infrared (FTIR) 
spectra were performed on a Nicolet iS10 FTIR spectrometer 
by the KBr pellet technique.

2.4. Adsorption test

2.4.1. Organic dyes adsorption

In typical adsorption experiment, 2.5 mg adsorbent 
was added into 5 mL of MB solution with different 
concen tration (10–1,000 ppm) at room temperature under 
mechanical shaker conditions. The residual MB solution 
was detected using a UV–Vis spectrum at the wavelength 
of 600 nm [23].

2.4.2. MB adsorption kinetics

2.5 mg adsorbent was added into 5 mL MB solution with 
initial concentration of 10 ppm at room temperature under 
mechanical shaker condition. After adsorption at various 
time (10 s, 30 s, 1 min, 3 min, 5 min, 10 min, 20 min, 30 min), 
the solid was magnetically separated from the solution by an 
external magnet, and the filtrate was measured by UV–Vis 
spectrum.

2.4.3. Reusability of N-PMC

The adsorption/desorption cycles were conducted as 
follows: each adsorption experiment consisted of 25 mg of 
N-PMC with 50 mL of 10 ppm MB solution for 12 h. After 
the adsorption experiments, dyes-loaded powder in the flask 
was collected by an external magnet, and then heated in an 
air atmosphere at 400°C for 3 h. The above cycle was repeated 
five times.

2.5. DFT calculations

The DFT calculations were carried out by the Gaussian 
09 software [24] with the Multiwfn program of version 3.4.1 
[25]. All the molecules were fully optimized by the B3LYP 
method. All the atoms were employed with the 6-311G(d,p) 

basis set. During the calculations, no symmetry constraint 
was performed. In addition, frequency analysis was calcu-
lated at the same theoretical method with the same basis set. 
Thus, it can ensure that the configurations found are all real 
minima on the potential energy surface.

3. Results and discussion

3.1. Characterization of N-PMC

Fig. 2a shows the XRD pattern of N-PMC. The peak at ~26° 
is a characteristic diffraction peak of graphite [26], giving the 
formation of carbon skeleton during calcination process of the 
MRF-Fe. Besides, all the other peaks can be readily indexed 
to the phases of γ-Fe2O3 (JCPDS No. 39-1346) [27], α-Fe 
(JCPDS No. 06-0696) [28] and Fe3C (JCPDS No. 35-0772) [28]. 
The formation of the magnetic particles might be interpreted 
by the “decomposition-reduction” processes in the pyrolysis 
process. Specially, in the first stage, under N2 atmosphere, 
the metal precursor Fe(NO3)3.9H2O would be decomposed to 
γ-Fe2O3. With the carbonization temperature increased, the 
part of γ-Fe2O3 would be reduction to the Fe and Fe3C. 

In order to verify the formation of γ-Fe2O3 rather than 
Fe3O4, XPS was performed. As shown in Fig. 2b, two broad 
peaks at 725.1 and 711.0 eV are assigned to Fe2p1/2 and 
Fe2p3/2, respectively; additionally, the characteristic sat-
ellite peak [29] at 720.5 eV for γ-Fe2O3 was also observed. 
Thus, the formation of γ-Fe2O3 was rather than Fe3O4 during 
the decomposition. Moreover, the characteristic peaks 
[30] at 720.3 and 707.3 eV for α-Fe were observed in the 
XPS spectrum of N-PMC. Consequently, the γ-Fe2O3, α-Fe 
and Fe3C are found to exist together in N-PMC. From the 
Raman spectra (Fig. S1), two broad peaks around 1,350 and 
1,585 cm–1 can be observed. The peak around 1,350 cm–1 is 
usually associated with the vibrations of dangling carbon 
bonds at the edges of graphite defects and labelled as the 
D-band. The peak around 1,585 cm cm–1 is assigned to 
G-band which might be caused by the E2g mode of graph-
ite carbon coming from the vibration of sp2 bonded carbon 
atoms in a two-dimensional graphite plane [31]. ID/IG ratio 
has been used to correlate the structure of graphitic and 
the amorphous component of carbon materials. The ID/IG 
value is 1.04 which indicates that the as-synthesized N-PMC 
has crystalline graphitic carbon.

The FTIR spectrum of magnetic carbon N-PMC is shown 
in Fig. S2. The characteristic peaks of N-PMC appear at 
1,560, 1,490 and 568 cm–1. Among them, the characteristic 
bands at 1,560 cm–1 are assigned to the stretching vibration 
of C-N. The peak at 1,490 cm–1 is related to the stretching 
vibration of C=C. The peak at 568 cm–1 is related to the 
stretching vibration of Fe–O bonds in the crystal lattice of 
iron oxide. From the above data, the nitrogen atom has been 
doped into the N-PMC skeleton.

The morphology of N-PMC was characterized by the 
SEM and TEM. As shown in Fig. 3a, the polymer is com-
posed of aggregated microspheres. Furthermore, the trans-
mission electron microscopy (Fig. 3b) was carried out to 
study the morphology in detail. Obviously, the obtained 
N-PMC carbon has spherical structure. In addition, there are 
a lot of magnetic particles with ~20 to 30 nm embedded in the 
carbon skeleton (Fig. S3). Compared with the other porous 
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carbons, the magnetic nanoparticles are beneficial to rapidly 
separate the materials from the solution. The energy disper-
sive X-ray spectroscopy (EDS) analysis was conducted with 
FE-TEM. From Fig. 3c, we can see that C, N, O and Fe peaks 
were obtained and their respective atomic percentages were 
87.1%, 8.3%, 3.5% and 1.1%. The stoichiometric proportions 
of Fe2O3 and Fe3C were roughly maintained. The element 
mapping (Fig. 3d) further shows that the C, N, O and Fe 
elements existed in the materials.

The porosity of the carbon N-PMC was calculated 
by the N2 isotherms at 77 K. In Fig. 4a, the N-PMC shows 

a continuous increased N2 adsorption with a combined 
feature of mixed type IV and type I isotherms. The initial 
sharp increase of uptake at low pressure (p/p0 < 0.1) indi-
cated a significant microporous character. The hysteresis 
loops under high pressure (p/p0 > 0.9) demonstrated the 
existence of interarticular voids and macropores. The hys-
teresis loops under high pressure (p/p0 > 0.9) demonstrated 
the existence of interarticular voids and macropores. The 
H4 hysteresis loops under the medium pressure indicate 
the presence of mesopores. Moreover, the curves (Fig. 4b) of 
pore size distribution (PSD) based on the non-local density 

Fig. 2. (a) XRD pattern and (b) XPS spectra of magnetic polymer N-PMC.

Fig. 3. SEM (a), TEM (b), EDS and (d) element mapping of magnetic carbon N-PMC.
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functional theory (NLDFT) also indicate that the ~1.0 nm 
was the main pores in the carbon. Summarized in Table S1, 
the BET surface area is 290.1 m2 g–1 and total pore volume is 
0.209 cm3 g–1. 

3.2. Adsorption kinetics of MB on N-PMC

Adsorption kinetics is one of the most important char-
acteristics that represent the adsorption efficiency of the 
adsorbent. [32] The time-dependent adsorption of MB on 
N-PMC was studied at initial concentration with 10 ppm. 
As shown in Fig. 5b, extremely fast kinetics is observed, 
which shows that it can attain 99.99% of the MB adsorp-
tion capacity at equilibrium within 1 min and is able to 
reduce the concentration of MB from 10 ppm to almost 
0 ppm (Fig. 5a). Considering the great reliability to repre-
sent the kinetics for the adsorption of MB from aqueous 
solutions onto adsorbents [33], the experimental data are 
fitted with pseudo- second-order kinetic model:

t
q k q

t
qt e e

= +
1

2
2  (1)

where qt and qe are the adsorption capacity (mg g–1) at a 
certain time t (min) and equilibrium, respectively. And k2 is 
the rate constant for the pseudo-second-order adsorption 
(g mg–1 min–1). As shown in the inset of Fig. 4b and Table S2, 
a very high correlation coefficient (R2 > 0.999) is obtained 
for the pseudo-second-order kinetic model. This indicated 
that the adsorption rate of MB on N-PMC relays on the 
availability of adsorption sites. The value of the adsorp-
tion rate constant k2 was determined to be 1.34 mg g–1 min–1. 
This value is more than one order of magnitude higher than 
other adsorbent materials for MB adsorption under similar 
conditions [34–37]. Such extraordinarily rapid adsorption 
can be ascribed to its good porosity adequately to facilitate 
the diffusion of MB and its high surface area densely with 
a basic sites’ nitrogen doped. 

3.3. Adsorption isotherms of MB on N-PMC

As shown in Fig. 6a, with the initial concentration of MB 
increased, the adsorption capacity of MB gradually increased 
until it was equilibrium. At lower concentrations, more 
adsorption sites are available. With increasing MB concen-
tration, the MB molecules occupied the available sites on the 

Fig. 4. (a) N2 adsorption–desorption isotherms of N-PMC at 77 K and (b) Pore size distributions of N-PMC.

Fig. 5. (a) Adsorption rate of MB on N-PMC. The inset shows the corresponding photographs and (b) adsorption curve of MB vs. con-
tact time on N-PMC. The inset shows the pseudo-second-order kinetics plot (C0 = 10 mg/L, m = 2.5 mg, V = 5 mL, pH = 6.5, T = 25°C).
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surface of N-PMC after reaching the maximum adsorption 
capacity. Therefore, the adsorption capacity of MB was at equi-
librium when the MB concentrations continue to increase. 
The equilibrium adsorption isotherm data were fitted with 
Langmuir model: 

C
q

C
q q b

e

e

e= +
max max

1  (2)

where Ce are the equilibrium concentration (mg L–1) of dyes, 
qe is the equilibrium adsorption capacity (mg g–1) of dyes, 
qmax is the maximum adsorption capacity (mg g–1) and b is 
the Langmuir constant. The plot of Ce/qe against Ce gave a 
good linear plot initial concentration of at all the test, yield-
ing a high correlation coefficient (R2 = 0.998; Fig. 6b and 
Table S3). This reflected that the MB adsorption on N-PMC 
was monolayer adsorption. Remarkably, the maximum 
MB adsorption capacity of N-PMC was calculated to be 
1,053.5 mg g–1.

3.4. Comparison of adsorption capacities between different adsorbents

A comparison between N-PMC and some other previ-
ously reported adsorbents [38–41] for removing MB from 

aqueous solution was conducted and the results are sum-
marized in Table 1. The maximum MB uptake capacity of 
N-PMC is significantly higher than that of many reported 
benchmark porous materials. It is worth mentioning that 
the adsorption capacity of N-PMC on MB is higher by three 
times than the analogous non-nitrogen-doped framework 
(PMC, 350.0 mg g–1) and non-porous framework (MRF-Fe, 
258 mg g–1). Moreover, N-PMC is highly selective towards 
the acid dye MB than the basic dye MO (Fig. S4). The dif-
ference in adsorption capacity should mainly contribute to 
the texture parameters such as specific surface area and the 
properties of adsorbents. Benefitting from the highly porous 
structure, high specific surface area, good porosity, basic sites 
surface, the N-PMC shows efficient adsorption efficiency 
for MB. Apart from that, compared with some reported MB 
adsorbents, the N-PMC can be rapidly separated from the 
solution by an external magnet. 

3.5. DFT calculation on N-PMC interaction with MB

In order to further understand its high MB adsorption 
capacity on N-PMC, the property and electrostatic poten-
tial (ESP) of the MB and N-PMC was conducted by the DFT 
calculation. The ESP of N-PMC and MB is both shown in 

Fig. 6. (a) Adsorption isotherm of MEB on N-PMC and (b) Linear regression by fitting the equilibrium adsorption data with Langmuir 
adsorption model (m = 2.5 mg, V = 5 mL, t = 24 h, pH = 6.5, T = 25°C)

Table 1
Comparison of the MB adsorption capacity among various adsorbents

Adsorbents SBET (m2 g–1) qmax (mg g–1) References

Hyper-cross-linked THPS 1,426.0 330.1 [4]
NPCNS-10 1,100.0 962.1 [19]
Bamboo-based activated carbon 1,896.0 454.2 [32]
Porous graphene oxide (PGO) 450.0 1,100.0 [34]
GO-hydrogel nanocomposites 33.0 714.3 [35]
Co0.3Ni0.7Fe2O4@SiO2 membrane 32.4 107.5 [36]
Polymer organic framework BP 1,625.0 316.0 [37]
Porous carbon nanosheets (PCNSs) 2,315.0 769.2 [38]
Holey graphene nanosheets 1,053.5 269.0 [39]
N-PMC 290.1 1,053.5 This work
PMC 240.9 350.0 This work
MRF-Fe 41.1 258.0 This work
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Fig. S5. As seen, the ESP MB surfaces is red color with a 
Vs,min value of –135.34 kcal mol−1. The carbon N-PMC is blue 
color with a Vs,max value of 40.57 kcal mol−1, indicating that it 
was more attractive with MB molecule via electrostatic inter-
action. In addition, the interaction energy of the N-PMC-MB 
complexes was also calculated. We proposed a possible 
adsorption model (Fig. 7). The value of the binding energy of 
the complexes is 96.02 kJ mol–1, suggesting the strong inter-
action forces between molecule MB and N-PMC. Hence, the 
nitrogen-doped in the N-PMC skeleton may be the main 
contribution to the high adsorption.

3.5.1. Reuse of adsorbents

Reusing adsorbents is very important from the view-
point of green chemistry and practical applications. The tra-
ditional reuse method involves the recovery of adsorbents 

by desorption using large amounts of eluent or rising with 
dilute HCl. Although this is an efficient process, it can lead 
to secondary pollution. In our work, the adsorbed dyes can 
be easily removed from the collected porous N-PMC by sim-
ply heating in an air atmosphere of 400°C. Then, the dried 
material N-PMC can be subjected to the next adsorption 
experiment. As shown in Fig. 8, the removal percentage of 
the N-PMC carbon does not significantly change during the 
adsorption–desorption recycle. This shows that recycling of 
the porous magnetic material N-PMC is a simple operation 
and can be recycled multiple times. 

4. Conclusions

In conclusion, we reported a facile strategy for one-
pot synthesis of magnetic nitrogen-doped porous carbon 
(N-PMC) and demonstrated its superior adsorption prop-
erties for MB removal from aqueous solution. The N-PMC 
showed a hierarchically porous structure, high specific sur-
face area and the rich basic sites surface. Under optimized 
conditions, MB adsorption reached equilibrium within 
about 1 min, and the maximum adsorption capacity could 
be up to 1,053.5 mg g–1 at room temperature, which is signifi-
cantly higher than those of various previously reported MB 
adsorbents. In addition, the as-prepared N-PMC was capa-
ble of the rapid removal and separation of MB. Furthermore, 
the porous magnetic carbon can be reused many times for 
environmental remediation through regeneration upon 
burning or heating in air. All these features conclude that 
the magnetic nitrogen-doped porous carbon N-PMC can be 
used as a promising adsorbent for the removal of dyes. 
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Supplementary information

Fig. S1. Raman spectrum of N-PMC. Fig. S2. FTIR spectrum of magnetic polymer N-PMC.

Fig. S3. (a) HR-TEM image of N-PMC; (b) photograph of N-PMC isolated by an external magnet within several seconds.

Fig. S4. Different dyes adsorption on the polymer N-PMC 
(C0 = 10 ppm, m = 2.5 mg, V = 5 mL).

Fig. S5. Computed electrostatic potential at isodensity contour 
surface of N-PMC and MB.
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Fig. S6. N2 adsorption–desorption isotherms of N-PMC and 
MRF-Fe at 77 K.

Fig. S8. Magnetic hysteresis loop of N-PMC with photographs 
reflecting the magnetic separability and water dispersity of 
N-PMC (the top inset).

Fig. S7. (a) TG of N-PMC and (b) effect of carbonization time for the N-PMC reusability.

Table S1
Porosity properties of magnetic polymer N-PMC

Polymer SABET
a (m2 g–1) Vt

b (cm3 g–1) Vm
c (cm3 g–1) % Vm/Vt

N-PMC 290.1 0.2088 0.1125 53.8
aSpecific surface area calculated from the nitrogen adsorption isotherm using the BET method. 
bTotal pore volume at p/p0 = 0.987. 
cMicropore volume derived from the t-plot method.
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Table S2
Pseudo-first-order and pseudo-second-order kinetic model parameters of N-PMC

qe,exp (mg g–1)

Pseudo-first-order Pseudo-second-order

k1 (min–1) qe,cal (mg g–1) R2 k2 (g mg–1 min–1) qe,cal (mg g–1) R2

19.9 0.00456 6.717 0.77178 1.34 20.01 0.99999

Table S3
Isotherm parameters of Langmuir and Freundlich models

Freundlich parameters Langmuir parameters

K n R2 qmax (mg g–1) b (L mg–1) R2

6.15 1.9047 0.95478 1,053.5 0.05694 0.998
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