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Abstract

The nitrogen-rich carbon microspheres were prepared by the one-pot hydrothermal synthesis in the presence of resorcinol
formaldehyde as the carbon precursor and tetraethylenepentamine (TEPA) as nitrogen precursor as well as the base catalyst,
followed by carbonization and activation. Their nitrogen content and microstructure of the nitrogen-rich carbon
microspheres could be adjusted by varying the addition of TEPA. The significant enhancement of the microstructure and the
nitrogen doping leads to high CO, adsorption in the activated carbon microspheres. The high nitrogen content of activated
sample AMPS-4 was 5.61%, and the large specific surface area and micropore volume were 786.5 m*/g and 0.28 cm®/g,
respectively. The activated sample AMCS-4 had the highest CO, adsorption reaching 5.52 mmol/g and 2.97 mmol/g at 0 and
25 °C, respectively. Compared with EDA-prepared carbon microspheres AMCS-4E, TEPA-prepared carbon microspheres
AMCS-4 have stabler chemical adsorption to CO, due to their higher nitrogen content, which is in corresponds to the higher
adsorption heat. The introduction of polyvinylpyrrolidone (PVP) into the system as a stabilizer not only improved the
monodispersity of carbon microspheres but also improved the adsorption performance of CO, by increasing the micropore
volume and decreasing the micropore size of the microspheres. The CO, adsorption of the PVP-assisted prepared sample
AMCS-2-P1 reached 4.48 mmol/g and 2.95 mmol/g at 0 °C and 25 °C respectively, which is 0.72 mmol/g and 0.25 mmol/g
higher than that of AMCS-2. The carbon microspheres have high CO, dynamic adsorption capacity, excellent selective
adsorption, and good cyclic stability.
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e Monodisperse highly N-rich carbon microspheres were prepared by a one-step hydrothermal method.
e The microspheres have a good monodisperse, improved microstructure, and high N content.
e The microspheres have high CO, adsorption capacity, good selective adsorption, and cycling stability.

1 Introduction

The climate deterioration observed in recent years, which may
be caused by global warming, is a matter of general public
concern. CO, emissions associated with human activities play
an important role in global warming and climate change.
Therefore, the reduction of CO, emissions is an urgent task
and extensive research on viable CO, capture technologies is
being conducted worldwide. Currently, there are four main
types of CO, capture technologies: pre-combustion capture
technology [1-3], Chemical looping combustion [4, 5], Oxy-
fuel combustion carbon capture [6], and post-combustion
capture strategies [7]. Post-combustion capture technology is a
relatively mature technology suitable for most operating power
plants to achieve CO, reduction as it does not require major
modifications to the original power plant system. The most
popular post-combustion capture technologies include mem-
brane separation [8], liquid absorption [9], and solid adsorption
[3]. Among the various state-of-the-art CO, capture technol-
ogies, adsorption by solid adsorbents is considered an effective
technique for separating CO, from flue gases because of its
many advantages, such as simplicity of operation, high effi-
ciency, low energy consumption, and no corrosion problems.
Solid adsorbent materials currently used for CO, adsorption
include zeolites [10—14], mesoporous silica [15-19], metal
oxides [20], metal-organic skeletal materials (MOFs) [21-26],
carbon-based materials [27], etc. Compared with several other
materials, porous carbon-based materials show the advantages
of good water/thermal stability, high acid/alkaline resistance,
adjustable pore structure, and low cost.

It is generally accepted that the CO, adsorption perfor-
mance of carbon-based materials is mainly influenced by
their physisorption and chemisorption. Studies have shown
that high microporosity and high nitrogen doping will
improve the adsorption performance of carbon materials
[28-33]. Different types of nitrogen have different adsorp-
tion capacities for CO,. Pyridine-type nitrogen in carbon
microspheres is more basic than pyrrole-type nitrogen,
which is more favorable for chemisorption. Although the
experimental reaction process for the preparation of carbon
microspheres is complex, the ratio of pyridine-type nitrogen
and pyrrole-type nitrogen in the carbon microspheres could
be adjusted by changing the nitrogen precursors. In addi-
tion, changing the nitrogen precursors affects the nitrogen

content and pore structure of the carbon material. At pre-
sent, some nitrogen doping precursors such as ammonia
[34], ethylenediamine [35, 36], melamine [37, 38] hexam-
ethylenetetramine [39, 40] among which, ethylenediamine
are mostly used to synthesize the nitrogen-rich carbon
microspheres. Tetracthylenepentamine, an organic amine
with both primary and secondary amino groups, has a more
complex molecular structure to influence micropore and
N-doping than ethylenediamine, its introduction might
greatly change the catalytic reaction to influence the
microstructure and N-doping of the carbon materials, which
have a great effect on the CO, adsorption performance. In
addition, monodisperse carbon microspheres show better
homogeneity and smaller agglomerates, which are more
likely to be advantageous in practical industrial applica-
tions, with good flowability and separation. In the reported
work, PVP was employed as a particle stabilizer and
nitrogen source to improve the dispersion and nitrogen
content of carbon microspheres [36], but the nitrogen-rich
carbon microspheres have rarely been PVP-assisted syn-
thesized especially using TEPA as a nitrogen precursor, and
the alkaline catalyst.

In this work, nitrogen-rich carbon microspheres were
synthesized using resorcinol and formaldehyde as carbon
precursors and TEPA as a nitrogen precursor and the
alkaline catalyst by one-pot hydrothermal method. The
effect of TEPA on the microstructure and nitrogen doping
of the carbon materials was investigated and hence their
performance by modulating the doping of TEPA. In addi-
tion, the stabilizer PVP was introduced to investigate its
effect on prepared carbon microspheres.

2 Experiment
2.1 Materials

Resorcinol (C¢H4(OH),, 98%), formaldehyde (HCHO,
37 wt%), tetraethylenepentamine, and ethylenediamine
were purchased from Fuchen (Tianjin) Chemical Reagent
Co., Ltd. and polyvinylpyrrolidone (PVP) was obtained
from Shanghai Macklin Biochemical Co., Ltd. Industrial-
grade ethanol and deionized water were used for all
experiments.
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2.2 Synthesis of nitrogen-rich carbon materials
prepared from TEPA as a nitrogen source

Nitrogen-containing polystyrene microspheres were synthe-
sized using a one-pot hydrothermal method [35, 36].
Namely, an aqueous solution of alcohol was prepared by
mixing 24 ml of ethanol and 60 ml of distilled water. Sub-
sequently, different amounts of tetraethylenepentamine
(TEPA, the moles of amine to moles of resorcinol were
0.5,1.5,2.5,3.5,4.5, and 5.5 respectively) were added under
continuous stirring. Then, 0.6 g of resorcinol was added and
stirred until completely dissolved. Next, 0.84 ml of 37 wt%
formaldehyde was slowly added and stirred at 30 °C for
24 h. Finally, the reaction mixture was transferred to a
Teflon vessel of 125 mL capacity and placed in a sealed
metal autoclave vessel at 100 °C for 24 h. The solid product
(nitrogen-containing polymer spheres) was obtained by
centrifugation and dried at 100°C for 12h. To obtain
nitrogen-doped carbon spheres, the prepared nitrogen-doped
microspheres were treated with heat treatment in N,. The
heat treatment in N, was carried out in a tube furnace in
flowing nitrogen at a heating rate of 1 °C/min to 350 °C for
2h, followed by a resumption of heating at a rate of
1°C/min to 600°C for 4h. The resulting carbon micro-
spheres are labeled MCS-x; “MCS” denotes carbon spheres
and the symbol “x” denotes a designation for the molar ratio
of amine to resorcinol. Molar ratios of 0.5,1.5,2.5,3.5,4.5,5.5
for amines to resorcinol correspond to MCS-1,2,3,4,5,6
respectively. Post-synthesis activation of the carbon spheres
was carried out by placing ceramic boats containing 0.2 g
MCS in a ceramic tube furnace under flowing nitrogen at a
heating rate of 10 °C/min up to 850 °C. After reaching the
specified temperature, the activation gas was introduced into
the tube furnace (50 Cm3/min) for 4h and then switched
back to nitrogen to prevent further activation during cooling
to room temperature. The activation material obtained is
denoted AMCS-x, where “A” indicates activation, in all
cases for 4 h at 850 °C CO,; the rest of the sample symbol
(MCS-x) is the same as in the case of non-activated MCS
(see above).

2.3 Synthesis of PVP stabilized carbon microspheres

Monodisperse nitrogen polystyrene microspheres were
prepared by one-pot hydrothermal method [36]. An aqueous
solution of alcohol was prepared by mixing 24 ml of ethanol
and 60 ml of distilled water. Subsequently, 0.345ml of
tetracthylenepentamine (TEPA, the ratio of moles of amine
group to moles of resorcinol of TEPA was 1.5) was added
under continuous stirring. Different amounts of PVP (0.1 g,
0.2 g, 0.3 g) were added to the reaction mixture and stirred
for a further 20 min. Then, 0.6 g of resorcinol was added
and stirred until completely dissolved. Next, 0.84 ml of
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37Wt% formaldehyde was slowly added and stirred at
30 °C for 24 h. The following hydrothermal reaction, car-
bonization, and activation processes are the same as in 2.2
above. The resulting carbon microspheres are labeled MCS-
2-Py; “MCS” indicates carbon spheres, “2” represents the
amount of TEPA(the moles of amine to moles of resorcinol
was 1.5), the symbol “P” indicates PVP, and the symbol “y”
indicates the amount of PVP. For example, the numbers
1,2,3 correspond to the addition of 0.1 g, 0.2 g, and 0.3 g of
PVP respectively. The activation material obtained is
denoted AMCS-2-Py, where “A” indicates activation, and
the rest of the sample code symbol (MCS-2-Py) is the same
as in the case of non-activated MCS (see above).

2.4 Synthesis of nitrogen-rich carbon materials
prepared from EDA as a nitrogen source

Nitrogen-containing polystyrene microspheres were syn-
thesized using a one-pot hydrothermal method [35, 36].
Namely, an aqueous solution of alcohol was prepared by
mixing 24 ml of ethanol and 60 ml of distilled water. Sub-
sequently, different amounts of tetraethylenepentamine
(EDA, the ratio of moles of amine to moles of resorcinol
was 1.5,2.5, and 3.5 respectively) were added under con-
tinuous stirring. Then, 0.6 g of resorcinol was added and
stirred until completely dissolved. Next, 0.84 ml of 37 wt%
formaldehyde was slowly added and stirred at 30 °C for
24 h. The following hydrothermal reaction, carbonization,
and activation processes are the same as in 2.2 above. The
resulting carbon microspheres are labeled MCS-Ez; “E”
represents the EDA, “MCS” denotes carbon spheres and the
symbol “z” denotes a designation for the molar ratio of
amine to resorcinol. Molar ratios of 1.5,2.5,3.5 for amines
to resorcinol correspond to MCS-E2, E3, and E4 respec-
tively. The activation material obtained is denoted AMCS-
Ez, where “A” indicates activation, and the rest of the
sample code symbol (AMCS-Ez) is the same as in the case
of nonactivated MCS (see above).

3 Characterization
3.1 Characterization of porous carbon spheres

Morphology was observed by transmission electron
microscopy (TEM, JEM-2010, operating voltage 200 kV)
and a Gemini SEM 300 scanning electron microscope.
Laser Raman spectroscopy was carried out in a Raman
spectrometer (JY-HR800532nm), and the crystal morphol-
ogy of the microspheres was determined by Cu-Ka radia-
tion (A =1.5418 A) in the range 20° to 80° using a Bruker
D8 Advance X-Ray Diffractometer (XRD). The specific
surface area, pore size distribution, and pore structure of the
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material were determined on a Micromeritics ASAP
2020 specific surface area auto physical adsorber. The test
temperature was -196 °C. All samples were degassed at
200 °C for 2 h before adsorption measurements. The BET
equation was used to calculate the specific surface area of
the samples, and the Horvath-Kawazoe method was used to
calculate the pore size distribution and average pore size of
the samples. XPS (X-ray photoelectron spectroscopy)
measurements were carried out on the ESCALAB 250Xi
using a monochromatic Al X-ray source (97.9 W, 93.9eV).

3.2 Adsorption measurements

Static adsorption: CO, adsorption measurements were car-
ried out on carbon microspheres at 0 and 25 °C using an
ASAP 2020 volumetric analyzer. All samples were pre-
treated at 200 °C for at least 2 h before sorption measure-
ments. The test pressure range was from O to 1 atm.

Dynamic adsorption: Dynamic adsorption experiments
were carried out in a fixed bed adsorber with a 4 mm inner
diameter glass adsorption column and the temperature of the
column was controlled by a heating plate. For adsorption,
the sample was loaded into the adsorption column and first
purged with pure nitrogen gas at a flow rate of 50 ml/min
for more than 2h at 200 °C, then lowered to room tem-
perature and switched to adsorption gas, and then heating
plate temperature was set to 0 °C for adsorption. During the
adsorption process, 0.1 g of adsorbent is filled in a quartz
glass tube and a dry carbon dioxide nitrogen gas mixture is
passed through the tube at a flow rate of 10 ml/min, the gas
flow rate is controlled by an electronic flow meter. The
concentrations of all components were determined using a
Pfeiffer OmniStar GSD 320 mass spectrometer (MS). The
adsorption capacity of the sorbent was calculated from the
penetration curve, using the CO, concentration in the inlet
gas, the flow rate, the saturation time, and the mass of the
sorbent.

4 Results and discussion

TEM and SEM images of the prepared carbon microspheres
are shown in Fig. 1. For samples MCS-1, and 2, the
microspheres are homogeneous and their average size is
about 622.2 nm and 763.8 nm respectively. As the doping
of TEPA increases, the dispersion of the sample shows a
tendency to decrease, showing some agglomeration. While
overviewing MCS-1, 2, 3, and 4, the size homogeneity of
the microspheres decreases with increasing TEPA doping
and the size is not homogeneous. When the doping of
TEPA reaches a certain value, that is, the ratio of the molar
number of the amine group to the molar number of resor-
cinol is 4.5, the carbon material could no longer maintain

the shape of the microsphere and appears irregular bulk,
such as MCS-5 and MCS-6. Figure 1 shows that at lower
amine molar doping, the TEPA-prepared samples are more
likely to be spherical, higher amine molar doping results in
more inhomogeneous samples, and when a lot of amines is
added, the reaction rate is very fast and prone to agglom-
eration and non-sphericity. In contrast, the EDA-prepared
samples were more homogeneous in sphericity only when
doped with higher amine moles. In addition, corresponding
to the observation during the reaction process, more and
faster turbidity appeared in the TEPA-involved reactive
solution than in the EDA-involved reactive solution when
the same amine molar doping was added during the reac-
tion. As shown in Fig. 1, the dispersion of carbon micro-
spheres prepared by adding PVP stabilizer is greatly
improved, because PVP has carbonyl and nitrogen atoms
with a pair of lone electrons, so it can form hydrogen bonds
with the hydroxyl group of the polymer sphere. The spatial
obstruction of the long vinyl polymer chain prevents the
aggregation of the synthesized nanoparticles, resulting in a
more uniform size of the final microspheres. As shown in
Fig. 1, with the increase of PVP addition, the average size
of carbon microspheres decreased, and the average size of
MCS-2-P1 and MCS-2-P2 were 439.7 nm and 386.8 nm,
respectively. However, when a certain amount of PVP was
added, excessive PVP could not be evenly dispersed in the
system, and the phenomenon of MCS-2-P3 particles would
appear uneven, with many small microspheres. The average
size of MCS-2-P3 samples was 386.2 nm. Figure 2 shows
SEM images and EDS spectra of samples of AMCS-4,
AMCS-E4, and AMCS-2-P1. It can be seen that the dis-
tribution of elemental N on the surface of the samples is
homogeneous and the nitrogen content of the samples
AMCS-4, AMCS-E4, and AMCS-2-P1 is 3.94, 3.04, and
2.02% respectively, indicating that nitrogen-rich carbon
microspheres have been successfully prepared.

The percentage of nitrogen atoms was assessed by X-ray
photoelectron spectroscopy (XPS) analysis. The nitrogen
species type and surface elemental composition data
obtained by XPS analysis are shown in Table 1 and Fig S1.
The nitrogen content in the MCS tends to increase and then
decrease with the amount of TEPA in the reaction mixture.
In other words, when the molar ratio of the amine group to
resorcinol is 0.5-5.5, the percentage of nitrogen atoms in the
obtained MCS increases from 3.42%(MCS-1) to 7.19%
(MCS-4) and then decreases to about 4.01%(MCS-5). In
general, the nitrogen content will be reduced after activa-
tion, which could be attributed to the thermal decomposition
loss of nitrogen during activation. As can be seen from
Table 1, the nitrogen content of TEPA-prepared samples
MCS-4 and AMCS-4 is higher than that of EDA-prepared
samples MCS-E4 and AMCS-E4. The carbon material
prepared with TEPA as a precursor retains more nitrogen
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Fig. 1 TEM, SEM images of
prepared carbon microspheres.
a—e are the TEPA-prepared
samples, g-i are the TEPA-
prepared samples, j—o are the
PVP-assisted samples

doping, which facilitates the chemisorption of CO, by the
carbon spheres. The nitrogen content of MCS-2-P1 and
MCS-2-P2 samples supplemented  with  poly-
vinylpyrrolidone (PVP) is slightly lower than that of
MCS-2, while that of MCS-2-P3 is higher than that of
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MCS-2. It is because when the amount of PVP reached a
certain level, the hydroxyl group on the surface of the
polymer microsphere combined a large amount of PVP in
the form of a hydrogen bond, which is retained in the form
of pyrrole nitrogen after carbonization. The nitrogen content
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Fig. 2 EDS of (a) AMCS-4, (b)
AMCS-E4, and (¢) AMCS-2-P1
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of the samples prepared by adding PVP decreased after
activation due to the decomposition of nitrogen during heat
treatment.

Further, High-resolution XPS spectra (N 1 s) revealed the
morphology of nitrogen in the carbon matrix, as shown in
Fig S1. Deconvolution spectra of N 1s with two binding
energies of 398.2+0.4 and 399.9+0.3eV correspond to
pyridine nitrogen and pyrrole nitrogen, respectively.

N 2.02%

N C

Pyridine nitrogen is more alkaline than pyrrole nitrogen and
shows a stronger adsorption capacity for CO,. The anti-fold
product XPS spectrum of N 1s in the MCS shows peaks
near 401.3eV and 405.2 eV, which can be attributed to
quaternary nitrogen and N-oxide, respectively. High-
resolution XPS spectra of (C 1s) and (O 1s) further
reveal the morphology of carbon and oxygen in the carbon
matrix, as shown in Fig S2. The C spectrum with a binding
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Table 1 Pore structure parameters of a series of prepared carbon microspheres

Sample Stppr(m¥g) SPi(m%g) Vepiem¥/g) Vi(em®/g) V,./V(%) Diameter'(nm) NY(%) nCO, mmol/g(0°C) nCO, mmol/g(25 °C)
MCS-1 542.0 479.8 0.19 0.21 90.5 0.59 342 288 /
MCS-2 537.4 464 0.18 0.20 90.0 0.56 534 346 2.30
MCS-3 547.4 456.5 0.18 0.23 78.3 0.63 6.53 297 /
MCS-4 405.0 323.9 0.13 0.17 76.5 0.63 719  2.99 2.49
MCS-5 3.5 / / / / / 452 2.64 /
MCS-6 8.1 / / / / / 494 254 /
MCS-E4 4685 401.5 0.19 0.24 79.2 0.45 536 3.14 /
MCS-2-P1  440.1 438.9 0.17 0.18 94.4 0.48 428 273 /
MCS-2-P2  432.6 386.6 0.18 0.27 66.7 0.46 495 271 /
MCS-2-P3 4446 391.3 0.16 0.40 40.0 0.48 6.06 2.70 /
AMCS-1  556.4 490.6 0.20 021 95.2 0.62 327 338 /
AMCS-2  596.2 547.9 0.21 0.24 87.5 0.72 392 3.76 2.70
AMCS-3 7307 671.3 0.26 0.29 89.7 0.62 636 4.40 /
AMCS-4  786.5 731.8 0.28 032 87.5 0.62 561 552 2.97
AMCS-5  315.6 295.4 0.11 0.12 91.7 0.63 331 431 /
AMCS-6 11.4 / / / / / 258 3.93 /
AMCS-E4 6283 591.0 0.23 0.26 88.5 0.52 420 5.60 2.84
AMCS-2-P1 817.5 752.0 0.28 0.38 73.7 0.65 238 448 2.95
AMCS-2-P2 659.0 615.3 0.23 031 74.2 0.63 375 3.88 /
AMCS-2-P3 486.7 4353 0.17 0.25 68.0 0.63 536 3.61 /

*The BET surface area

"The microporous BET surface area

“The microporous volume

9The total volume

°The pore size distribution was calculated using the HK method

'N% is nitrogen weight percentages in carbon spheres

energy of 284.8 eV corresponds to C. The binding energy of
284.8 eV in the C spectrum is associated with C, C = C, and
phenyl, 286eV with C-O, and 289eV with C=0. The
binding energy of 532 eV in the O spectrum is associated
with (C-O) and 533 eV with phenol (C-O-H). Notably,
MCS samples have a higher binding energy signal of pyr-
idine nitrogen than that of pyrrole nitrogen, indicating there
is a higher concentration of the former in them. However,
after heat treatment activation, AMCS samples have a
higher binding energy signal of pyrrole nitrogen. Fig S1
shows that the ratio of pyridine nitrogen to pyrrole nitrogen
in TEPA-prepared samples is similar to that in EDA-
prepared samples. In addition, the Ols XPS spectra of
MCS-2 and MCS-2-P1 are shown in Fig S2. It can be seen
that the C = O peak of MCS-2-P1 is slightly higher than
that of MCS-2. This may be due to the introduction of some
pyrrolidone (PVP) through the introduction of pyrrolidone,
which increases the C = O ratio in the polymer skeleton.
Due to the introduction of pyrrole nitrogen in PVP, the
proportion of pyridine nitrogen in PVP-assisted prepared
carbon microspheres is reduced, which may reduce the
chemical adsorption of CO, by carbon microspheres.

@ Springer

The nitrogen adsorption and desorption curves of the
activated carbon spheres and the corresponding pore dia-
meter increment distribution curves are shown in Fig. 3. All
parameters, specific surface area, and pore structure para-
meters are shown in Table 1. As shown in Table 1, after
activation of all carbon spheres, the specific surface area
and pore volume will increase. Figure 3a shows activated
samples prepared by adding TEPA or EDA. The adsorption
isotherms are all type I, indicating that the samples are
microporous carbon spheres. As shown in Table 1, the
specific surface area of activated carbon spheres prepared
by adding TEPA is between 550 and 800 m%g. It can be
seen that activated MCS have a high specific surface area,
which is mainly due to a large number of fine pores (pore
size <1 nm). For example, the micropore volume of AMCS-
4 samples was 0.28 cm®/g, respectively, which can be read
in Table 1. The specific surface area and pore volume of the
TEPA-prepared sample AMCS-4 are higher than that of the
EDA-prepared sample AMCS-E4. This may be because
TEPA is more alkaline and contains more nitrogen atoms in
the molecule, which is more likely to participate in the
reaction and enter the carbon sphere skeleton, resulting in
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Fig. 3 N, adsorption—desorption isotherms and pore size distributions of a series of activated carbon microspheres. a The nitrogen
adsorption—desorption isotherm and pore size distribution of activated carbon spheres obtained by changing the amount of TEPA and EDA. b The
nitrogen adsorption—desorption isotherm and pore size distribution of monodisperse activated carbon spheres obtained by adding PVP

more micropores in the subsequent carbonization process.
In this respect, the physical adsorption of samples with
TEPA was stronger. As can be seen from Fig. 3a, the
maximum pore size of the TEPA-prepared sample AMCS-4
is larger than that of the EDA-prepared sample AMCS-E4,
which may be since TEPA molecules are larger than EDA
molecules, resulting in micropores with larger pore sizes. In
this respect, the physical adsorption of the sample with
EDA is stronger.

As can be seen in Table 1 and Fig. S3b, the specific
surface area of the non-activated carbon microspheres,
MCS-2-P1, MCS-2-P2, and MCS-2-P3, is all lower than
that of MCS-2. The specific surface area of activated
carbon microspheres AMCS-2-P1 and AMCS-2-P2 is
significantly higher than that of AMCS-2, possibly
because the introduction of pyrrole nitrogen at this time is
easier to decompose into gas to produce more pores in the
activation process, resulting in the specific surface area
increases. In addition, according to Fig. 3b, it can be seen
that the maximum pore size of the PVP-assisted prepared
carbon microspheres is smaller than that of the sample

prepared without PVP, which leads to the enhanced
physical adsorption of these PVP-assisted prepared car-
bon microspheres after activation. However, when PVP
content reaches a certain level, such as AMCS-2-P3, its
specific surface area is significantly lower than that of
AMCS-2, which may be due to excessive PVP blocking a
large number of micropores in the polymerization
process.

Fig S4 shows the XRD pattern of the carbon micro-
spheres. The carbon microspheres with different nitrogen
demonstrate similar diffraction peaks corresponding to the
(002) graphite peak and the (100) graphite and (101) gra-
phite peaks, implying that the prepared microspheres have
been carbonized at 600 °C. The (002) peak is significantly
shifted to the left with a reference to the graphite phase
standard spectrum, indicating that the activation treatment
resulted in a lower degree of graphitization and that the
carbon microspheres obtained consisted mainly of micro-
crystalline graphite filled with defects. This defective
structure is often accompanied by the formation of a porous
structure, which favors CO, adsorption.
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Fig. 4 Raman spectra of activated carbon microspheres

Figure 4 shows the Raman spectra of activated carbon
microspheres, which have two peak bands centered on
1354 cm™" (D band) and 1583 cm™! (G band). Band D is
caused by the disordered and incomplete carbon micro-
crystals and the tensile vibration of the G band is corre-
sponding to the graphite matrix. The IG/ID value is an
important parameter to measure the degree of graphitization
of a sample, the lower the value the lower the degree of
graphitization. The high relative strengths IG/ID of the
samples of AMCS-1 ~ AMCS-5, AMCS-E4, and AMCS-2-
P1 ~ AMCS-2-P3 were 1.01, 1.00, 0.97, 0.95, 1.05, 1.04,
1.00, 1.05 and 1.03, respectively. Combined with the
Raman spectra of nonactivated carbon microspheres in Fig
S6, the IG/ID of MCS-1-MCS -5, MCS-E4, and MCS-2-
P1 ~MCS-2-P3 were 1.20, 1.19, 1.13, 1.13, 1.16, 1.07,
1.23, 1.18 and 1.19, respectively. The range of variation in
the reduction of graphitization due to micropores is small,
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but can be corroborated by small data changes in IG/ID
values, which vary regularly with the pore structure para-
meters. The activation treatment has lowered the IG/ID
value of all samples due to the defects and the generation of
micropores in the activation process. With TEPA doping
decreasing, the IG/ID values of carbon microspheres
decreased first and then increased. The IG/ID value of
AMCS-4 was the lowest at 0.95, indicating the poorest
graphitization and the most defects in the carbon micro-
spheres, which complained with the largest micropore
volume corresponding to that of AMCS-4 in Table 1.
Besides, it was found that the IG/ID values of TEPA-
prepared samples AMCS-4 and MCS-4 were lower than
that of EDA-prepared samples MCS-E4 and AMCS-E4. It
indicates that TEPA is more likely to generate more defects
and micropores than using EDA, which is in corresponds
with the larger micropore volume of the TEPA-prepared
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Fig. 5 CO, adsorption isotherms (a, b), heat of adsorption curves (c), dynamic adsorption curves (d), selective adsorption curves (e, f), and cyclic
stability curves (g, h and i) of the samples measured under ambient conditions

samples in Table 1. The IG/ID values of the samples of
AMCS-2-P1 and AMCS-2-P2 were the same or slightly
higher than that of AMCS-2, which may be due to fewer
defects caused by the smaller pores of the PVP-assisted
prepared samples as shown in Table 1.

The adsorption capacity of carbon microspheres for CO,
at 0°C atmospheric pressure (1bar) was studied. The
measured CO, adsorption isotherms, adsorption heat
curves, selective adsorption curves, and cyclic stability
curves of samples under environmental conditions are
shown in Fig. 5. Compared with Fig S6, it is found that the
adsorption performance of activated samples is all promoted
compared with those nonactivated samples since the acti-
vation treatment increased the specific surface area and pore
volume of the samples, which is the key to improving the
adsorption performance. As can be seen in Fig. 5a, the CO,
adsorption capacity of the sample at 0°C firstly increased

and then decreased with the increase of TEPA addition,
among which the CO, adsorption capacity of sample
AMCS-4 is the highest, reaching 5.52 mmol/g at 0°C.
AMCS-4 has the highest CO, adsorption capacity, which is
consistent with its high specific surface area, pore volume,
and nitrogen content. The adsorption of AMCS-4 and
AMCS-E4 at 1bar and 0°C are compared. And it can be
seen from Fig. 5a that the adsorption capacity of carbon
spheres prepared by TEPA and EDA is similar. Combined
with the analysis in Table 1, the TEPA-prepared samples
have a high nitrogen doping, specific surface area, and
microporous volume, which is beneficial for their chemi-
sorption and physical adsorption of carbon dioxide. How-
ever, the TEPA-prepared samples show larger micropores,
which may not be conducive to the physical adsorption of
carbon dioxide. Therefore, the adsorption capacity of the
TEPA-prepared samples is comparable to that of the EDA-

@ Springer



108

Journal of Sol-Gel Science and Technology (2023) 108:98-111

prepared samples. However, from the point of view of the
heat of adsorption, as shown in Fig. 5c, the TEPA-prepared
samples have a higher adsorption heat, indicating that the
TEPA-prepared samples have a higher chemical adsorption
capacity for CO, due to their higher nitrogen content.

Due to the introduction of alkaline adsorption sites by
nitrogen doping in the sample, the binding force of the
sample on CO, molecules increases with the increase of
organic amine content, and the adsorption heat curve gen-
erally conforms to this adsorption law, as shown in Fig. Sc,
AMCS-2, and AMCS-4. However, the actual adsorption
performance is still affected by the synergistic effect of pore
structure and alkaline adsorption sites. Combined with
Table 1, it can be seen that the specific surface area and
micropore volume of the sample AMCS-4 are the largest,
the nitrogen content is lower than that of AMCS-3, but the
CO, adsorption capacity is the highest, indicating that the
pore structure of the sample AMCS-4 has the best syner-
gistic effect of pore structure and the alkaline active site. As
shown in Fig. 5c, this is demonstrated by the large
adsorption heat of sample AMCS-4 in the range of
37-40 kJ/mol, because the large adsorption heat indicates
that it has strong thermodynamic adsorption. In general,
during the adsorption process for some carbon microspheres
such as AMCS-2, the most active sites such as basic
nitrogen functional groups and ultrapores are first occupied,
and then adsorbed to other weaker binding sites, usually
leading to a gradual decline in Qst. However, as to the other
samples with high micropore volume such as AMCS-4, the
Qst value increases with the increase of CO, absorption. It
is because when the carbon microspheres with high
micropore volume have large CO, adsorption, the
enhancement of gas and gas interactions in samples may
lead to the increase of adsorption heat since the adsorption
heat is influenced by the combination of gas and surface,
gas and gas interactions [41].

The adsorption performance curves of PVP-assisted
prepared samples AMCS-2-P1 ~ AMCS-2-P3 compared
with AMCS-2 are shown in Fig. 5b. The CO, adsorption
performance of AMCS 2-P1 and AMCS 2-P2 is better than
that of AMCS-2. The CO, adsorption capacity of AMCS-
2-P1 was 4.48 mmol/g at 1bar and 0°C, which was
0.72 mmol/g higher than that of AMCS-2. The results in
Table 1 and Fig. 6, demonstrate that AMCS-2-P1 has a
larger CO, adsorption capacity compared with AMCS-2,
which reason might be its higher specific surface area and
higher micropore volume compensating for the influence
of its lower nitrogen content on its CO, adsorption per-
formance. However, excessive PVP will clog the micro-
pores of the prepared carbon microspheres, such as MCS-
2-P3, which also has a lower specific surface area after
activation, resulting in a lower CO, adsorption capacity.
what’s more, the reduced maximum pore size of the PVP-
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assisted synthesized samples is also conducive to CO,
adsorption.

In addition, a dynamic CO, adsorption study was carried
out under a simulated dynamic environment. The penetra-
tion curves are shown in Fig. 5d. Based on the penetration
curves, CO, concentration, flow rate, saturation time, and
adsorbent mass were used to calculate the CO, adsorption
capacity of the adsorbent. The CO, adsorption capacity of
AMCS-2 and AMCS-4 were 3.62 mmol/g and 4.10 mmol/g,
respectively. The CO, dynamic adsorption capacity was
lower than the theoretical value of static adsorption but still
had a high adsorption capacity. Figure Se, f shows the
selective adsorption curves of CO,/N, under dynamic and
static conditions respectively. It can be seen that under the
same conditions, carbon microspheres absorb more CO,
and almost no N, and this selective adsorption is conducive
to industrial applications. Figure 5g, h, i respectively show
the cyclic adsorption curves of samples AMCS-4, AMCS-
E4, and AMCS-2-P1. It can be seen that the samples have
good cyclic stability, and the adsorption capacity is almost
unchanged after five cycles.

A comparative schematic of several different carbon
spheres is shown in Fig. 6. As shown, under alkaline con-
ditions, formaldehyde forms a nitrogen-containing polymer
backbone with TEPA and resorcinol to form a polymer
backbone with pyrrole and pyridine-type nitrogen. On the
one hand, TEPA is an alkaline catalyst, facilitating the
reaction to produce carbon spheres. On the other hand,
TEPA is involved in the reaction as a nitrogen-doped pre-
cursor. In addition, it can be seen from the previous dis-
cussion that the TEPA-prepared samples had more
micropores and higher nitrogen content after activation
compared to the EDA-prepared samples. This favorable
CO,; chemisorption can be attributed to the fact that the
TEPA-prepared samples retained more nitrogen before
activation, decomposed more nitrogen during activation,
and retained more nitrogen after activation. In addition, the
samples prepared with TEPA also had more micropores that
were favorable for physisorption, but on the other hand, the
maximum pore size of the sample AMCS-4 prepared by
TEPA was 0.62nm and the maximum pore size of the
sample AMCS-E4 prepared by EDA was 0.52nm. The
larger pore size of the sample AMCS-4 prepared by TEPA
was not conducive to physical adsorption, probably because
the TEPA molecule was larger than the EDA molecule.

The possible reaction mechanism for the introduction of
PVP into the system for the synthesis of carbon microspheres
is also shown in Fig. 6, where the introduced PVP is
hydrogen-bonded to the polymer backbone. The carbon
microspheres prepared are well monodispersed due to the
spatial resistance of the PVP macromolecules. At the same
time, PVP contains pyrrole-type nitrogen, which is also
involved in the reaction into the carbon material backbone,
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leading to a change in nitrogen doping. After introducing a
certain amount of PVP, the proportion of pyrrole-type nitrogen
in the carbon microspheres decreases. Since pyridine-type
nitrogen is a stronger chemisorbed of CO, than pyrrole-type
nitrogen, it may reduce the chemisorption of carbon spheres.
Pyrrole-type nitrogen decomposes more readily at high tem-
peratures, resulting in lower nitrogen content in the activated
carbon spheres, which increases the specific surface area and
micropore volume of the carbon spheres. In addition, the most
available pore sizes of the PVP-assisted samples were smaller

than those prepared without the addition of PVP, for example,
the maximum pore sizes of AMCS-2-P1 for AMCS-2 were
0.65 nm and 0.72 nm respectively, which facilitated the phy-
sical adsorption of CO, by the activated carbon microspheres.

In general, high specific surface area, high micropore
volume, high nitrogen content, and small micropore pore
size are beneficial for CO, adsorption by carbon micro-
spheres. The CO, adsorption capacity of activated carbon
microspheres in Table 1 is plotted against the different
influencing factors as shown in Fig. 7. It was found that the
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Fig. 7 Diagram of the CO, adsorption capacity of carbon microspheres
in relation to different influencing factors

CO, adsorption capacity of carbon microspheres was
mainly related to specific surface area and micropore
volume in a positive correlation.

5 Conclusions

The main factors affecting the CO, adsorption performance
of carbon microspheres are the specific surface area, pore
volume, pore size, and nitrogen content of the microsphere.
The activation treatment can increase the specific surface
area and pore volume of the samples. The specific surface
area and pore volume of the TEPA-prepared sample
AMCS-4 obtained were 786.5m%g and 0.28 cm’/g,
respectively, and the nitrogen content was 5.61%. In this
case, AMCS-4 has the highest CO, adsorption capacity due
to the synergistic effect between the micropore volume and
the nitrogen content and the adsorption of CO, at 0 °C and
25 °C reached 5.52 mmol/g and 2.97 mmol/g, respectively.
AMCS-4 had good selective adsorption performance and
cycle stability. Compared with EDA, the TEPA-prepared
samples can obtain spherical particles under smaller nitro-
gen doping. It shows higher nitrogen doping and larger
micropore volume, which is conducive to carbon dioxide
adsorption. However, it has larger micropores, which may
not be conducive to the physical adsorption of CO,, but can
be used as a basic template for later surface modification to
further improve the carbon adsorption performance. At
present, the adsorption capacity of the TEPA-prepared
sample is similar to the EDA-prepared sample, but the
adsorption heat of the TEPA-prepared sample is higher and
has stronger adsorption stability. The PVP-assisted prepared
carbon microspheres not only have good dispersion but also
have improved CO, adsorption performance due to their
higher specific surface area, larger micropore volume, and
smaller micropore. The specific surface area, micropore
volume, and maximum micropore size of AMCS-2-P1 were
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817.5m%/g,0.28 cm’/g, and 0.65nm, respectively. Under
the conditions of 1 bar, 0 °C, and 25 °C, the CO, adsorption
capacity of AMCS 2-P1 was 4.48 mmol/g and 2.95 mmol/g,
respectively, which were 0.72 mmol/g and 0.25 mmol/g
higher than that of AMCS-2 prepared without PVP. The
carbon microspheres have high CO, dynamic adsorption
capacity, excellent selective adsorption, and good cyclic
stability.
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