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The large-scale burning of coal has led to increasingly serious SO, environmental pollution problems. The
SO, adsorption and removal technology based on porous carbons has the advantages of less water
consumption, no secondary pollution, recycling of pollutants, and renewable utilization of adsorbents, in
contrast to the wet desulfurization process. In this work, we developed a series of N-doped coal-based
porous carbons (NCPCs) by calcining a mixture of anthracite, MgO, KOH and carbamide at 800 °C.
Among them, the NCPC-2 sample achieves a high N-doped amount of 1.29 at%, and suitable pores with
a specific surface area of 1370 m? gt and pore volume of 0.62 cm® g~*. This N-doped porous carbon
exhibits excellent SO, adsorption capacity as high as 115 mg g%, which is 3.47 times that of commercial

coal-based activated carbon, and 2 times that of NCPC-0 without N-doping. Theoretical calculations
Received 16th May 2022 how that the active adsorption sites of SO, are located at the ed d f carb terials, and
Accepted 27th June 2022 show that the active adsorption sites o , are located at the edges and gaps of carbon materials, an

surface N doping enhances the adsorption affinity of carbon materials for SO,. In addition, the NCPCs

DOI: 10.1039/d2ra03098e prepared in this work are rich in raw materials and cheap, which meets the needs of industrial
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Introduction

Due to the massive combustion of coal, the enormous SO,
emissions were bound to cause environmental pollution, and
harm human health, which is seriously contrary to the concept
of sustainable development.™ At present, the mainstream
industrial desulfurization technology is the wet desulfurization
process for excellent desulfurization efficiency and economic
benefits.* Unfortunately, it generates a lot of wastewater and
industrial by-products (e.g. low-quality CaSO, and greenhouse
gas CO, emission), resulting in secondary environmental
pollution.*” Therefore, it is necessary to select a new desulfur-
ization technology which is green, economical, highly efficient,
and sulfur-recyclable.

The adsorption and removal of SO, by porous nanocarbon,
such as active coke,® activated carbon fiber,>* activated
carbon,”™ carbon nanotubes,'® and composite nanocarbon
materials,"”*® has become one of the most promising methods,
due to the advantages of low water consumption, recycling and
sulfur recovery.**** However, the adsorption capacity of pure
nanocarbon for SO, is unsatisfactory. Considering the active
adsorption sites and acidic nature of SO,, design and synthesis
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production, having excellent SO, adsorption capacity.

of porous nitrogen-inducted carbon materials has become
aresearch hotspot for improving the adsorption capacity of SO,.
When the carbon materials surface contains nitrogenous basic
functional groups, SO, molecules are adsorbed due to acid-base
interactions. More importantly, N-doping changes the surface
electrostatic potential of N-adjacent carbon atoms, and
increases its local electronic density, the polarity of the carbon
atoms and the surface charge distribution by conjugation effect,
enhancing the interactions between SO, molecules and carbon
surface.””” In previous studies, many researchers have paying
close attention to improving the SO, adsorption capacity by
adjusting the pore structure of the activated carbon materials
(e.g. activated coke, activated carbon and activated carbon fiber)
with high specific surface area. Some researchers introduced
nitrogen heteroatoms on the surface of activated carbon by
post-treatment to increase the chemical adsorption of SO,,
which is complicated and cumbersome, and low nitrogen
doping amount. Although some researchers have prepared in
situ functional N-doped carbon materials with controllable
structures using nitrogen-containing metal organic frame-
works,*™¢ or biomass*~** for removal of SO,, the preparation
cost of the carbon materials is high, and not suitable for
industrial application. Some researchers'*' have prepared N-
doped porous carbon in situ using nitrogen sources such as
melamine, however, the adsorption performance of SO, is not
ideal.

In this work, the purpose is to illustrate the effect mecha-
nism of N-doping contents and pore configuration of N-doped

© 2022 The Author(s). Published by the Royal Society of Chemistry
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coal-based porous carbon (NCPCs) on SO, removal process by
automatic chemical adsorption apparatus. The N-rich NCPCs
with typical pore structure is prepared by a one-step method
from anthracite in a facile, low-cost and controllable prepara-
tion process. The results show that N-doping increases the
single-point adsorption energy of carbon materials for SO,, but
destroys the micropores of carbon materials. Therefore, a suit-
able N-doping content coal-based porous carbon (the NCPC-2
sample) exhibits an excellent SO, adsorption capacity as high
as 115 mg g, which is 3.47 times that of commercial coal-
based activated carbon, and 2 times that of NCPC-0 without
N-doping.

Experimental section

Material

Carbamide (A.R.), KOH (A.R.), light MgO (A.R.) and hydro-
chloric acid (A.R.) were provided by Sinopharm Chemical
Reagent Company. Anthracite was purchased from Shanxi Jin-
cheng Anthracite Coal Mining Group. Commercial coal-based
activated carbon (CAC, 200 mesh) was purchased from Henan
Jingchuan Environmental Protection Technology Company. All
the gases were purchased from Air Liquide Tianjin.

Preparation of NCPC

Anthracite, light MgO, KOH and carbamide were used as carbon
sources, templates/catalysts, activators/alkali fluxes and
nitrogen sources, respectively. In a typical preparation,
powdered anthracite (50-200 mesh, 8 g), light MgO (8 g), KOH
(40 g) and carbamide (16 g) are stirred for 1 min through a high-
speed pulverizer. After that, a viscous black slurry was obtained.
Next, the slurry was heated at 800 °C for 4 h in a N, atmosphere
(50 mL min ") using a tube furnace. Black chips were obtained
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Fig. 1
photos of the (b) mixture and (c) NCPC-2.
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after the tube furnace cooled to room temperature naturally.
The chips were washed by hydrochloric acid (3 mol L") and
water until neutral, and then dried at 70 °C overnight. The
NCPC samples were obtained, as shown in Fig. 1a. The NCPC
samples with different carbamide contents (0 g, 8 g, 16 g, and 24
g) were named as NCPC-0, NCPC-1, NCPC-2, and NCPC-3,
respectively. The specific parameters are shown in Table 1.

Characterization

The microscopic morphologies and crystal structure of the
NCPCs samples were characterized through scanning electron
microscopy (SEM, JSM-6700), transmission electron microscopy
(TEM, JEM-2010) and X-ray powder diffraction (PXRD, Bruker
D8) between 10° and 70°, respectively. The structure effect of N-
doping on the NCPC samples were characterized by the Raman
spectrophotometer (Horiba JobinYvon Lab RAMHRS00) at
633 nm. The pore structure of NCPC samples were analyzed by
argon adsorption-desorption (BET, Micromeritics ASAP 2460,
87.28 K) experiments and the non-local density functional
theory (NLDFT). The surface information for NCPCs samples
were carried out by X-ray photoelectron spectroscopy (XPS, PHI
3057). The impurity contents for NCPCs samples were recorded
by Thermogravimetric analysis (TGA, NETZSCH STA449F3
analyser).

SO, removal experiments

The SO, removal experiments were performed by Automatic
Chemical Adsorption Apparatus (BELCAT II) at 25 °C. The total
flow rate of the simulated flue gas (1200 ppm SO,, He balance
gas) was 30 mL min . Specifically, 50 mg of a NCPC or CAC
sample were put into a quartz tube, and He purged for 5 min.
After the adsorption zone reached to 25 °C, the simulated flue

(a) Schematic diagram of prepared N-doped coal-based porous carbon with various N-doped contents through carbamide, Optical
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Table 1 Synthesis parameters of NCPCs

Samples Anthracite (g) MgO (g) KOH (g) Carbamide (g)
NCPC-0 8.0 8.0 40.0 0

NCPC-1 8.0 8.0 40.0 8.0

NCPC-2 8.0 8.0 40.0 16.0

NCPC-3 8.0 8.0 40.0 24.0

gas was introduced into the adsorption tube. The concentration
of SO, was recorded by a thermal conductivity cell detector
(TCD).

SO, removal capacity (Qso,, mg g ') of samples was calcu-
lated by the equation:

Jl (C() — CI) X V x Msozd[ %
Vi

Oso, = 1000 6))]

where Cy and C, (ppm) are inlet and outlet concentration of SO,,
respectively; V (mL min~") is the total flow rate of the simulated
flue gas; Vy,, (L mol ™) is the ideal gas constant at 25 °C; Mso, (g
mol ") is the relative molecular mass of SO,.

Density functional theory calculation

The density functional theory (DFT) calculations were carried
out in Gaussian 09 software to explore surface SO, adsorption
energy of coal-based porous carbon with or without N-doped.
The single point SO, adsorption energy (E.q) is obtained
through single point energy calculations of the coal-based

1500inm)
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Fig. 2
NCPC-3, respectively.
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porous carbon graphitic layer at the B3LYP/6-31G (d, p) level.
E,q is as follows,
E =

Ecomplex - Esurface - ESOZ (2)

where Ecomplexs Esurface and Eso, are the single point energies of
NCPC after SO, adsorption, the NCPC and SO, molecules,
respectively.

Results and discussion

With the addition of carbamide, the uniform mixture formed
gradually to a black liquid viscous slurry (Fig. 1b) due to the
melting of carbamide under the high-speed shearing. In
previous studies, anthracite powder was catalytically cracked to
porous nano-carbon in the presence of light Mg0.**** As an
alkali flux and chemical activator, KOH may react with the
silicon-aluminum compound in the anthracite powder,
contributing to the development of micropores and reducing
the ash content of the nano-carbon.** The N atoms from the
crack of carbamide at high temperature can be doped into the
nano-carbon framework. Therefore, coal-based N-doped porous
carbon were achieved by carbonizing the mixture and etching
MgO and KOH with hydrochloric acid and water. Changing the
feeding ratio of carbamide contributes to NCPC samples with
different nitrogen doping levels. Fig. 1c shows that the as-
prepared NCPC-2 was loose fine powder.

The morphology and structure of the NCPCs (NCPC-0, NCPC-
1, NCPC-2, and NCPC-3) were investigated. As shown in Fig. 2a-

(a—d) SEM images, (e-h) low-magnification TEM, and (i—1) high-magnification TEM images of prepared NCPC-0, NCPC-1, NCPC-2 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Argon sorption isotherms and (b) pore size distributions of prepared NCPCs.

d, the SEM images of the NCPCs presented a porous irregular
block structure with many macropores. The low-magnification
TEM images (Fig. 2e-h) of the NCPCs showed a three-
dimensional interconnected open pore-like network. Under
high magnification electron microscope (Fig. 2i-1), carbon
skeleton for N-free and N-rich NCPCs contain abundant nano-
pores, which are favorable for the adsorption and storage of
SO,. Meanwhile, N-rich NCPCs contain obvious graphite layers,
indicating high mechanical strength of the carbon frameworks.
Further, the detailed pore structures for the NCPCs were
obtained through the argon adsorption-desorption experi-
ments (Fig. 3). As shown in Fig. 3a, the argon adsorption-
desorption isotherms of NCPC-0 present composite type of type-
I and type-IV models, while NCPC-1, NCPC-2 and NCPC-3 are
the type-I physical adsorption curves. When the relative pres-
sure (P/P,) is close to 0, the liquid argon adsorption-desorption
curves for the NCPCs are vertically upward, indicating that there
are a large number of micropores. The higher the curve, the
higher the micropore content. For the NCPC-0 and NCPC-1,
when the P/P, is ranging from 0.4 to 0.9, there are obvious
hysteresis loop in the adsorption and desorption curves,
suggestion the presence of the mesoporous. When the P/P, is
close to 1, the curve has a steep protrusion, indicating that the
material contains certain macropores. Comprehensive analysis
shows that these two materials have a porous structure, which is
conducive to the physical adsorption of SO,, the transfer and
storage of sulfuric acid molecules formed after chemical
oxidation.® With the carbamide contents increasing, the
proportion of micropores gradually decreases, and the specific
surface area of the prepared NCPCs decreases from 2714 to
2197, 1380 and 1123 m” g, respectively (Table 2). For the N-
free NCPC-0, the specific surface area is as high as 2714 m?
g ', indicating that the coal-based porous carbon exhibits
a nanoporous carbon with a thickness of one atom.*>*® Nitrogen
doping on the carbon surface reduces the micropores and
mesopores of coal-based porous carbon, reducing the specific
surface area. The total pore volume is 1.42, 0.95, 0.62, and 0.52
cm® g7, respectively, according to the NLDFT model, which is
related to the micropores and mesopores of the materials.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The pore size distribution curves (Fig. 3b) of NCPCs are ob-
tained through differentiating the pore volume-pore size curves.
It can be seen that the pore sizes of both N-free and N-rich
NCPCs are ranging from 0.4 to 3 nm, and the possible pore
sizes are 0.75 nm and 1.07 nm, respectively. However, the pore
size distribution of NCPCs is more concentrated after adding
carbamide. In previous studies, it was found that micropores
with a pore size of 0.7 nm are active adsorption sites for physical
adsorption and oxidation of SO, molecules to SO;.'**"** N-free
NCPC-0 has continuous pores, and the proportions of
different pore sizes are equivalent, which is consistent with the
typical activated carbon pore size distribution. In comparison,
the pore size distribution range of N-rich NCPCs is relatively
concentrated. In short, the N-doped coal-based porous carbon
has a controllable pore structure, specific surface area and pore
volume, by simply changing the carbamide additions.

The PXRD patterns of the N-free and N-rich NCPCs (NCPC-0,
NCPC-1, NCPC-2 and NCPC-3) samples are shown in Fig. 4a. For
NCPC-0 and NCPC-1, a weak peak located at 260 = 45° corre-
spond to the (100) planes of the nanocarbon, absence of (002)
planes, suggesting a typical activated carbon structure. Contrast
with NCPC-0 and NCPC-1, the two typical peaks located at near
26 = 26° and 45° were observed for N-rich NCPCs (NCPC-2 and
NCPC-3), corresponding to the (002) and (100) planes of the
nanocarbon,***® respectively. This is indicated that N-rich
NCPCs possess a certain degree of graphitization, which is
consistent with the TEM images. The full width at half
maximum of the (002) and (100) crystal plane of N-rich CHNPCs
samples gradually decreased with the increasing of carbamide

Table 2 BET surface area and pore structure of NCPCs

Pore diameter

Samples Sper (M> g™ 1) Vi(em® g™ (nm) Ip/lg
NCPC-0 2714 1.42 <3 2.63
NCPC-1 2197 0.95 <3 3.24
NCPC-2 1380 0.62 <3 2.28
NCPC-3 1123 0.52 <3 2.39
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Fig. 4 (a) XRD patterns, (b) Raman spectra and (c) TGA curves of prepared NCPCs.

feed ratio. Besides, the (100) plane peaks of N-rich NCPCs are
gradually enhanced, further illustrating that N atoms are doped
into the carbon crystal lattice. Besides, the weak diffraction
peaks observed in 20-30° for NCPC-3 belong to the peaks of
MgO (PDF#27-0759), which may be the residues encapsulated
inside the NPC materials.

Furthermore, the effect of N-doping on the structure of
NCPC is characterized by Raman spectroscopy (Fig. 4b). The
typical D peak (~1350 cm ™), G peak (~1600 cm™ '), weak I peak

and D” peak correspond to disordered graphite structure,
ordered carbon stacking structure of sp>-C, vibration of sp>-sp®
bonded carbon, and vibration of amorphous carbon, respec-
tively.***-** Compared with N-free NCPC-0, the D peak locations
for N-rich NCPCs shift to high wavenumber, due to the different
C-C and C-N bond distances leading to structural deformation,
illustrating the doping of N atoms into the carbon lattice.*?
Based on the Gaussian law of fitting, the intensity ratio of D and
G peak (Ip/lg) is 2.63, 3.24, 2.28 and 2.39, respectively (Table 2).
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Fig. 5
high-resolution Ols spectra of NCPC-2.
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(a) XPS survey spectra, (b) dependence of N content and O content on carbamide feeding ratio, (c) high-resolution N1s spectra and (d)
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Table 3 Compositional properties of NCPCs

XPS (at%)

Samples C N (0]

NCPC-0 80.74 0.47 18.79
NCPC-1 94.44 0.67 4.90
NCPC-2 94.06 1.29 4.65
NCPC-3 93.59 1.52 4.89

With the increase of carbamide addition, the specific surface
area gradually decreases, and its outer surface boundary
decreased, resulting in a significant reduction in the defect
degree of its notch. At the same time, the defects degree caused
by the destruction of the stacking structure by heteroatom
doping gradually increased with the increase of the amount of
urea addition. Therefore, the resulting intensity ratio of D and G
peak of the coal-based carbon material first increases, then
decreases greatly, and then increases in a small range.

The thermogravimetric analysis (TGA) curves under air
atmosphere of N-free and N-rich NCPCs are shown in Fig. 4c.
The weight loss onset temperatures of NCPCs (NCPC-0, NCPC-1,
NCPC-2 and NCPC-3) were 510 °C, 397 °C, 394 °C and 495 °C,
respectively. Generally, the introduction of heteroatoms on the
carbon materials surface increases defect sites and reduces
their stability, being more susceptible to oxidation.** However,
the starting temperature of the weight loss of NCPC-3 is much
higher than that of NCPC-0 and NCPC-2. This may be due to
that with the increase of carbamide addition, the specific
surface area and outer surface boundary decrease, resulting in
a more ordered C-C stacking structure. After calculation, the
ash ratio of NCPCs (NCPC-0, NCPC-1, NCPC-2 and NCPC-3) is
only 7.2%, 2.3%, 0.6% and 4.1%, respectively, where the residue
was a small amount of insoluble matter for coal.

In order to determine the effect of N-doping level and type on
SO, adsorption, a batch of NCPCs materials with different N-
doped contents were prepared by adjusting the carbamide
additions. Further, the N-doped contents and doping form were

View Article Online
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obtained by XPS. XPS full spectrum of NCPCs was shown in
Fig. 5a. Since the N-doped content of the four materials is
generally low, the XPS full spectrum only contains the peaks of
C and O elements, absence of the peak of N element. The
contents of C, N and O elements of NCPCs are shown in Table 3.
The sample NCPC-0 contains a very small amount of N due to
the raw coal containing amino acids.** With the increase of
carbamide feed ratio, the relationship between N-doped
contents and O-doped contents of NCPCs is shown in Fig. 5b.
Among them, the N-doped contents gradually increases from
0.47 at% to 1.52 at%, with the increase of carbamide addition.
While the O-doped contents decreased significantly and then
increased slightly with the increase of carbamide feed ratio.
Taking the sample NCPC-2 as an example, the high-resolution
N1s spectra (Fig. 5¢) can be deconvoluted into three represen-
tative peaks of pyridinic-N (N-6), graphitic-N (N-G) and N-oxide
(N==0), respectively.** The high-resolution O1s spectra (Fig. 5d)
can be deconvoluted into three representative peaks of carbonyl
oxygen (C=0), carboxyl oxygen (O=C-0O) and N-oxide (N=O0),
respectively. Some researchers found that pyridine nitrogen and
graphitic nitrogen promote the adsorption of SO, by enhancing
the electrostatic interaction of adjacent carbon atoms and the
van der Waals force between the surface of carbon materials
and SO,, respectively.?” Studies have shown that C-O complexes
may occupy the adsorption carbon sites of SO,.*® Therefore, it is
favorable to enhancing the adsorption of SO, that high pyr-
idinic nitrogen and graphitic nitrogen doping levels.

SO, molecules are adsorbed on the micropores of porous
carbon surface through capillary force, and are oxidized into
H,S0, in the presence of O, and H,O, which are transferred to
and stored in mesopores or macropores of carbon materials.” In
addition, the SO, adsorption would be enhanced by chemical
action, as N-containing basic functional groups are introduced
into the carbon surface. A series of N-doped coal-based carbon
materials with similar pore structure and various N-doping
contents were used as SO, adsorbents, aiming to explore the
influence of N-doped contents on SO, adsorption.

The SO, adsorption kinetics of N-free and N-rich NCPCs were
researched through the SO, breakthrough curve (Fig. 6a) at
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Fig. 6
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(a) SO, breakthrough curves, and (b) dependence of SO, adsorption capacity on N contents of prepared NCPCs.
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Table 4 SO, adsorption capacity at different temperatures for NCPCs

Samples Qso, (mg g™
NCPC-0 53.18
NCPC-1 91.30
NCPC-2 115.65
NCPC-3 111.69
CAC 33.25

25 °C and normal pressure. As shown in Fig. 6a, the break-
through time of N-free and N-rich NCPCs is different, following
the order of NCPC-2 > NCPC-3 > NCPC-1 > NCPC-0. After
calculation, the SO, adsorption capacity of CAC is only 33.25 mg
g ' (Table 4). However, the SO, adsorption capacity (Qso,) by N-
free and N-rich NCPCs is 53.18, 91.30, 115.65 and 111.99 mg
g™, respectively, Much higher SC than CAC. The SO, adsorp-
tion capacity is inversely proportional to the amount of C-O
complexes.*® Although the specific surface area for NCPC-0 is
largest, the desulfurization ability is lowest, indicating that N-
doping carbon surfaces contributes to the SO, adsorption. In
order to further prove that N-doping is beneficial to the SO,
adsorption, the curve of SO, adsorption and nitrogen doping
levels of N-rich NCPCs were plotted (Fig. 6b). With the increase
of carbamide addition, even though the N-doped amount of
NCPCs gradually increased, the specific surface area decreased,
the microporous structure was destroyed, and the adsorption
force of SO, decreased, resulting in the Qgo, of the NCPCs first
increased and then decreased.

To further determine the active adsorption sites (i.e. plane
and edge) and the effect of pyridinic-N on the SO, adsorption,
density functional theory (DFT) calculations were carried out to
exploring surface single E,4 of SO, for different models of with
or without N-doped coal-based porous carbon. During the
calculation, an interesting phenomenon is that when we place
SO, molecules at the edge positions or near the basal plane of
carbon, the geometry-optimized SO, molecule was adsorbed at
the carbon edge positions, not the surface, and not interacted
directly with N atoms. That is, the adsorption of SO, on with or
without N-doped coal-based porous carbon tends to be at the
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edge and gap, which further supports the proof that the
micropores are the active adsorption sites of SO, molecule.

Fig. 7a and b is the charge-density differences of the coal-
based porous carbon at the edge with one SO, molecule
absorbed. After calculation, one SO, molecule acquires 0.161
and 0.164 charges from the edge carbon for the samples without
and with N-doping, respectively, which indicates that N-doping
increases the local electronic density of adjacent carbon atoms
in N-doped carbon. In addition, the E,q of with or without N-
doped coal-based porous carbon at the edge positions are
38.46 and 33.41 kJ mol ', respectively, indicating that the
surface of N-doped carbon can enhance the adsorption affinity
of SO,. Combined with the data analysis of the structure of coal-
based porous carbon and the adsorption capacity of SO,, N-
doping improves the single-point adsorption energy of carbon
materials for SO,, but destroys the micropores of carbon
materials and reduces the number of active adsorption sites of
SO,. Therefore, in this work, a suitable N-doping ratio is
required for coal-based porous carbon with high SO, saturated
adsorption capacity.

Conclusion

In summary, we have achieved the precise preparation of N-
doped coal-based porous carbon (NCPC) for the adsorption
and removal of SO, by a one-step method. By adjusting the
feeding ratio of carbamide, the specific surface area, pore
volume and N-doping amount of NCPCs can be precisely regu-
lated. Theoretical calculations show that the active adsorption
sites of SO, are located at the edges and gaps of carbon mate-
rials, rather than the N atoms themselves. However, N-doping
increases the single-point adsorption energy of carbon mate-
rials for SO,, enhancing the adsorption affinity of carbon
materials for SO,. The experimental results show that with the
increase of the urea addition amount, the specific surface area
gradually decreases, and the micropores are gradually
destroyed, reduced the number of active adsorption sites of SO,,
while the N-doping amount increased gradually. The results
support that porous carbon materials need to find a balance

E,=-33.41 kI mol!

E,~-38.46 kJ mol!

Fig. 7 Charge-density differences of the coal-based porous carbon at the edge with one SO, molecule absorbed: (a) no pyridinic-N-doped
sample and (b) pyridinic-N-doped sample. The blue and yellow parts represent charge loss and charge accumulation, respectively.
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between specific surface area and nitrogen doping content for
SO, absorption. In addition, NCPCs can also be used for SO,
adsorption and removal in aerobic and water environments.
Theoretically, the SO, adsorption capacity is higher than that in
anaerobic environment. However, the corresponding relation-
ship between the SO, adsorption capacity and the structure of
NCPCs needs to be further studied. Meanwhile, it is necessary to
explore the effects of pore structure and functional group types
for carbon materials on SO, adsorption through a single factor,
and further to reveal the relationship between the structure of
carbon materials and the SO, adsorption, so as to provide
theoretical guidance for the preparation of high-performance
carbon materials with suitable functional units.
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