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ABSTRACT: Porous activated carbons are considered to be promising CO, adsorbents due to their high specific surface area,
high chemical stability, and tailorable surface properties. However, their low CO, capture capacity and inferior CO,/N,
selectivity have hindered their application. Here, we describe novel fishnet-like, polybenzoxazine-based porous carbons
(PBZCs) prepared by a single-step monomer thermal curing, carbonization, and activation process. The PBZCs exhibit an
ultrahigh CO, uptake capacity of 8.44 mmol g~' and a superior CO,/N, IAST selectivity of 56 (at 273 K, 1 bar). Such excellent
CO, adsorption performance may to some extent be ascribed to a high specific surface area and a large ultramicropore volume.
However, the results reveal that the CO, capture capacity is not solely associated with porosity. It may also be attributable to the
abundant hydroxyl groups of the PBZCs, which may form hydrogen bonds with CO, molecules. The role of the oxygen
functionalities of porous carbon for CO, capture was further demonstrated through theoretical calculation combined with
experimental analysis. Hydrogen bonding lowers the binding energy between the carbon framework and CO, molecules, which
greatly facilitates CO, adsorption. Furthermore, the novel fishnet-like structure can anchor CO, molecules effectively and
selectively. These PBZC carbons are potentially promising CO, adsorbents.

1. INTRODUCTION

Fossil fuels are the primary energy source used in human
technology, and their combustion produces CO, emissions. In
recent decades, excessive CO, emissions have induced serious
environmental 7problems such as global warming and ocean
acidification.'~” Given the continuous global reliance on fossil
fuels due to their low cost and accessibility, there is a pressing
need to mitigate CO, emissions. To reduce the CO, level of
the atmosphere, CO, capture and sequestration (CCS)
techniques have attracted increasing attention.” Therefore,
there are ongoing efforts to find materials that can effectively
and selectively capture CO, from the atmosphere.

Currently, aqueous amine solutions are employed for the
treatment of flue gases (mainly containing N, and CO,).
However, this conventional method has serious drawbacks
such as toxicity, volatility, corrosion of the equipment, and
energy-intensive regeneration.9 To circumvent these issues, a
number of porous CO, adsorbents, such as metal oxides,"’
zeolites,"' metal—organic frameworks (MOFs),"”™"* covalent
organic frameworks (COFs),"* and porous carbons,'®™*° have
been reported. Among these adsorbents, porous carbons are
considered to be promising candidates for CO, capture
because of their high surface area, tunable porosity, high
stability, abundant resources, and tailorable surface proper-
ties.”””® The major drawbacks of commercial porous carbons
are their moderate CO, capture capacity and low CO,/N,
selectivity, which have limited their practical application.

To deal with this problem, heteroatoms and functional
groups can be incorporated into porous carbons to enhance
CO, capture capacity and selectivity. N-doped porous carbons
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(NPCs) have been proven to have beneficial CO, capture
properties and have been widely investigated for their
application to CO, adsorption.”'”?”**7** However, there
have been differing accounts about the mechanism of the
interaction between the CO, molecule and N-doped carbons.
Wan et al. prepared a series of NPCs, which showed CO,
uptakes of 4.02 and 6.35 mmol g~ at 25 and 0 °C,
respectively. They concluded that the incorporation of basic
nitrogen functionalities into the network of porous carbons is
beneficial for the uptake of acidic CO, gas.”” Xing et al.
synthesized N-enriched activated carbons derived from bean
dreg.’* The resulting sample showed a rather high CO,
adsorption capacity of 4.24 mmol g™ at 278 K and 1 bar.
They utilized the hydrogen-bonding interaction between the
hydrogen atoms (from CH and NH) and CO, molecules to
explain the elevated CO, adsorption capacity.’® In recent
years, oxygen-containing porous carbons have attracted
attention for CO, capture.” > However, the impact of
oxygen functionalities in CO, capture of porous carbon has
been underestimated thus far. Oxygen-containing groups of
porous organic polymers and MOFs have been proven to be
favorable for CO, capture.’”®™*' Knowledge of a detailed
interaction mechanism of porous carbon oxygen functionality
based on theoretical calculation and experimental analysis is

lacking.
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A new class of high-performance thermosetting resins called
polybenzoxazines (PBZs) is considered promising candidates
for use with porous carbons. Compared to other precursors,
polybenzoxazines show many advantageous properties, such as
containing nitrogen and oxygen heteroatoms, excellent thermal
stability, high char yield, and molecular design flexibility.**~**
Polybenzoxazine molecules can be synthesized from inex-
pensive raw materials including primary amines, phenols, and
formaldehyde. Therefore, the structure of the precursors can
be easily modified by replacing various amines and phenols,
which is desirable for adjusting the surface chemistry of porous
carbons. More importantly, through the utilization of
polybenzoxazine as the precursor of porous carbons, this
technique can transform the poisonous formaldehyde into air
purification products. Despite these advantages, the rational
design of polybenzoxazine-based porous carbons for CO,
capture has received little study.

In the present study, we report a new benzoxazine and find
that its corresponding polybenzoxazine could be used to
prepare novel fishnet-like polybenzoxazine-based porous
carbons (PBZCs) by a simple and effective route. The rational
design of the benzoxazine molecular structure can result in that
each unit of corresponding polybenzoxazine contains three
hydroxyl groups. Prepared PBZCs show an ultrahigh CO,
uptake capacity of 8.44 mmol g~' (273 K, 1 bar) and superior
CO,/N, selectivity of 56 (273 K, 1 bar). Notably, we found
that CO, adsorption performance was not closely linked with
the specific surface area and ultramicropore volume. To further
reveal the relationship between CO, uptake properties and
structures, quantum chemical calculations were carried out and
it demonstrates that the hydrogen bonding interaction between
porous carbon and CO, molecules provides strong CO,
binding sites, which plays an important role in the enhance-
ment of CO, adsorption capacity and CO,/N, selectivity.

2. EXPERIMENTAL SECTION

2.1. Materials. 5-(4-Hydroxystyryl)benzene-1,3-diol (98%), ani-
line (AR grade), formaldehyde (37 wt % in water), ethanol (AR
grade), potassium hydroxide (95%), hydrochloric acid (36—38 wt %),
and sodium hydroxide (99%) were purchased from Sigma. All
chemicals were used as received. All gases were purchased from Air
Liquide (China) Holding Co., Ltd.

2.2. Preparation of Polybenzoxazine-Based Porous Carbons
(PBZCs). A solution of 5-(4-hydroxystyryl)benzene-1,3-diol (2 g, 8.77
mmol), CH,0 (3.95 mL, 52.6 mmol), and aniline (2.40 mL, 26.3
mmol) in ethanol solution (100 mL) was stirred at room temperature
for 12 h. After rotary evaporation, the ethanol was removed from the
reaction mixture and then the product was washed with 100 mL of
deionized water three times, followed by immersing in 1.0 M NaOH
solution for 30 min to remove phenol residual. The yellow product
was collected and dried under vacuum at 70 °C for 24 h to obtain the
powder.

The prepared benzoxazine monomer was poured into ceramic
models, and they were put into a tube furnace (OTF-1200X-S, Hefei
Kejing Co., Ltd.). The monomer was cured by thermal treatment (S
°C/min), and the temperature programs were as follows: 120 °C (4
h), 140 °C (3 h), 180 °C (2 h), 200 °C (1 h), and 220 °C (1 h). After
cooling to room temperature (S °C/min), the cured polybenzoxazine
was further carbonized in the same tubular furnace by heating at 500
°C for 1 h with a heating rate of 2 °C min™". The resulting carbonized
material was denoted as PBZ-C.

Subsequently, the carbonized precursor mixed with KOH powder,
and the mixtures were ground adequately for 30 min. By varying the
activation conditions (activation agent mass ratio, time, and
temperature), a series of porous carbon PBZCs were prepared.
Among these PBZC-activated carbons, several samples own the

optimal surface area, pore structure, and gas absorption property. The
activation temperature was elevated at a ramp rate of 5 °C/min up to
the setting temperature and held at this temperature for 1 h under Ar
flow (100 mL/min). After cooling down to room temperature (s°c/
min), the products were poured into 1 M HCI solution and stirred for
30 min to remove KOH and inorganic salts. The samples were
washed by HCI three times, followed by washing with plenty of
deionized water until the PH value reached 7, and then immersed in
absolute ethyl alcohol for 3 min and washed three times. The resulting
polybenzoxazine (PBZ)-derived porous carbons were denoted as
PBZC-3-T where the “3” represents the mass ratio of the KOH/
carbonized precursor and “T” indicates the activation temperature.

2.3. Characterization. '"H NMR spectra were recorded using an
NMR spectrometer (Bruker, 400 MHz) with DMSO-ds as the
solvent. FTIR spectra of the benzoxazine monomer and porous
carbons were measured on a Bruker Tensor 27 FTIR spectropho-
tometer with a KBr wafer. X-ray diffraction (XRD) patterns were
performed on a Bruker D8 Advance diffractometer with Cu Ka
radiation (A = 0.15406 nm). The surface topography of porous carbon
was examined by scanning electron microscopy (SEM), which was
recorded on a Hitachi S4800 microscope instrument operating at S
kV. X-ray photoelectron spectroscopy (XPS) spectra were measured
on an ESCALAB 250 spectrometer with an excitation source of Mg
Ka (1486.6 eV). A Micromeritics ASAP 2020 analyzer was used to
assess the pore structure and gas adsorption by measuring the
isotherms for N, and CO, after degassing the porous carbons at 200
°C for 20 h. N, adsorption—desorption isotherms were carried out
using high purity N, at 77 K. The specific surface area was calculated
by the Brunauer—Emmett—Teller (BET) method, using the data from
the N, adsorption isotherms. The pore size distribution (PSD) was
obtained from the adsorption isotherms using the nonlocal density
functional theory (NLDFT). The total pore volumes were derived
from the adsorbed amount at a relative pressure of 0.99, and the
micropore volume was estimated from the t-plot method. Gas
adsorption experiments of CO, and N, were determined at 0 and 25
°C. Highly pure gases CO, and N, were employed for the
measurements. To control the constant temperature precisely, the
adsorption isotherms of CO, and N, at 273 K were measured in an
ice—water bath and adsorption isotherms at 298 K were determined
in a water bath. The dynamic breakthrough curves were recorded by a
fixed-bed setup equipped with a gas chromatography (Shimadzu GC-
2014) as a detector.

2.4. DFT Calculation. The calculations were performed in the
framework of the density functional theory (DFT) using the
projector-augmented wave (PAW) method as implemented in the
Vienna ab initio simulation package (VASP).* 7! The exchange and
correlation energies were evaluated using the generalized gradient
approximation (GGA) of the Perdew—Burke—Ernzerhof (PBE)
functional,”> and van der Waals (vdW) correction DFT-D2 proposed
by Grimme was chosen to describe the long-range vdW interaction.*®
The energy cutoff was set to be 480 eV, and the 5 X § X 1
Monkhorst—Pack mesh for k points was employed for the Brillouin
zone integration. The structures were relaxed using the conjugate
gradient algorithm until the forces and total energy on all atoms were
converged to less than 0.05 eV A™' and 1 X 10~ eV. The binding
energy is used to evaluate the binding strength, which is defined as
follows,

Eb = Esubstrate+COz - Esubstrate - ECOZ

where Eatercoy E , and Ecq, represent the total energy of

substrate

PBZCs, substrate, and CO, molecules, respectively.

3. RESULTS AND DISCUSSION

The precursor of the polybenzoxazine-based porous carbons
was synthesized by the Mannich reaction and further thermal
curing. Novel fishnet-like porous carbons were obtained after
carbonization and activation (Figure 1). A Fourier transform
infrared (FTIR) spectrum of the benzoxazine monomer was
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Figure 1. Schematic illustration of the fabrication of fishnet-like
polybenzoxazine-based porous carbon.

recorded and is shown in Figure S1. The characteristic
adsorption peaks of PBZ are located at 1234 cm™ (symmetric
stretching of C—O—C), 1071 cm™! (asymmetric C—O—C
stretching), 938 cm™' (out-of-plane bending vibration of C—
H), and 1600 cm™" (stretching of C=C), which confirm the
successful formation of benzoxazine rings.zg’43 The 'H
spectrum of the benzoxazine monomer is shown in Figure
S2. In Figure S2, the benzoxazine monomer showed
resonances at 4.6 ppm (O—CH,—N) and 5.6 ppm (Ar—
CH,—N), which were consistent with the formation of the
oxazine ring.

The pore morphology of the resulting PBZCs was
characterized by scanning electron microscopy (SEM). As
shown in Figure 2 and Figure S3a, the surface of PBZ-C is

2 um ! Y 2 um

Figure 2. SEM images of samples: (a) PBZC-3-600, (b) PBZC-3-700,
(c) PBZC-3-800, and (d) PBZC-3-900.

smooth without any wrinkles and pores when carbonized at
500 °C in the absence of KOH. For the sample PBZC-3-600,
which was obtained in the presence of KOH, the surface has a
low density of cavities that are several hundred nanometers in
size (Figure 2a). A fishnet-like tube with plenty of pores on its
wall can be observed for the sample PBZC-3-700, which can be
attributed to the breakage of carbon—carbon single bonds in
the polybenzoxazine-based precursor. As can be seen in the
molecular structure of polybenzoxazine, the polymer exhibits
plentiful carbon—carbon single bonds (Figure 1). Meanwhile,
at higher temperatures, the surface deformation can be
observed, producing a tunneling effect and forming the distinct
fishnet-like structure. In addition, the unique fishnet-like
architecture possibly relates to the choice of the polybenzox-
azine monomer.

However, with an increased activation temperature in an
alkali environment, more and more single bonds became
extremely unstable, resulting in the formation of the pores on
the wall of the fishnet-like structure. This may be explained by
a higher KOH activation level occurring at elevated temper-
atures (Figure 2c). For the sample PBZC-3-900, we can
observe that the macroporosity became more apparent
compared with that of the other samples, which can be
ascribed to the collapse of smaller pores at relatively high
temperatures. Also, the corresponding optical photograph of
the final PBZCs is shown in Figure S3.

The porous characteristics of the polybenzoxazine-based
porous carbons were analyzed by nitrogen adsorption—
desorption isotherms at 77 K, and the textural characteristics
of the samples are listed in Table 1. All of the isotherms
(Figure 3a) displayed a sharp increment in N, uptake at low
pressures, followed by more even nitrogen adsorption in most
of the pressure range, indicating that micropores were
dominant in these porous carbons.*® According to TUPAC
classification, these isotherms of the PBZCs are characteristic
of Type 1. Notably, a slight hysteresis phenomenon can be
observed in PBZC-3-600, indicating the existence of a small
number of mesopores. However, as the temperature increases,
the hysteresis phenomenon disappeared. The specific surface
areas were calculated by the Brunauer—Emmett—Teller (BET)
method and ranged from 816 to 2423 m® g~'. With increases in
activation temperature from 600 to 900 °C, the BET surface
areas increased rapidly. The sample PBZC-3-900 showed the
highest surface area among all the PBZC samples, while
samples PBZC-3-600, PBZC-3-700, and PBZC-3-800 had
surface areas of 816, 1065, and 1414 m* g~', respectively. A
similar trend can be observed for the pore volume, which
increases from 0.57 cm® ¢! (for PBZC-3-600) to 1.37 cm® g™*
(for PBZC-3-900). The pore size distributions of the PBZC
samples are given in Figure 3b, calculated according to the
nonlocal density functional theory (NLDFT). The micropore

Table 1. Textural Properties and Elemental Analysis of PBZCs

Sper” Vaor” Vie: 175 C 0 N
sample (m* g ™) (cm® g) (cm® g™) (cm® g™) (wt %) (wt %) (wt %)
PBZC-3-600 816 0.53 0.51 047 76.20 18.74 2.03
PBZC-3-700 1065 0.65 0.64 0.58 80.40 14.5 1.92
PBZC-3-800 1414 0.86 0.78 0.63 83.21 12.92 0.82
PBZC-3-900 2423 147 1.36 1.15 89.15 8.46 0.17

“Brunauer—Emmett—Teller (BET) surface area. “Total pore volume at P/P, = 0.95. “Calculated from the PSD and NLDFT models using the N,
adsorption isotherm at 77 K. “Pore volume of ultramicropores (<0.7 nm) calculated from N, adsorption (273 K).
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Figure 3. (a) N, adsorption isotherms and (b) pore size distribution. (c) O 1s and (d) N 1s X-ray photoelectron spectra of sample PBZC-3-800.
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Table 2. Gas Uptakes (CO,, CH, and N,) at 1 bar and IAST Selectivity (CO,/N, and CO,/CH,) for PBZCs

CO, uptake CH, uptake N, uptake IAST selectivity” IAST selectivity”
(mmol g™*) (mmol g7') (mmol g™*) CO,/N, (10:90) CO,/CH, (50:50)
sample 273 K 298 K 273 K 273 K 298 K 273 K 298 K 273 K
PBZC-3-600 6.67 3.78 1.42 0.43 0.18 35 20 79
PBZC-3-700 7.10 4.43 2.11 0.53 0.27 56 59 7.2
PBZC-3-800 8.44 4.98 2.18 0.58 0.38 34 25 7.4
PBZC-3-900 8.17 4.64 2.60 0.67 0.35 37 31 6.2

“Calculated by IAST (273 and 298 K) for the gas mixture of 0.1:0.9 CO,/N, at 1 bar. bCalculated from IAST (273 K) for the gas mixture of

0.5:0.5 CO,/CH, at 1 bar.

Table 3. Comparison of the Performance of Various Adsorbents

CO, uptake at

1 bar
(mmol g7')
IAST"

sample type of samples” BET (m*g™) Vo (cm® g7")  Viramicro < 0.7 nm (em® g7™!) N (wt %) 273 K 298 K CO,/N, reference
PBZC-3-700 PCs 1065 0.64 0.58 1.92 7.10 4.43 59:1 this work
PBZC-3-800 PCs 1414 0.78 0.63 0.82 8.44 4.98 25:1 this work
SU-MAC-600 NPCs 1500 0.50 0.27 4.0 6.49 4.50 22:1 52
UC-650-2 NPCs 1394 0.52 0.65 (<1 nm) 164 667 44 12:1 63
NPC-2 NPCs 1255.9 0.52 5.21 6.35 4.02 32:1 29
sOMC MCs 2255 2.0 10:1 64
A-NMC NMCs 1417 0.40 6.7 3.2 65
CN-950 NPCs 1979 4.32 4.3 12:1 66
CP-2-600 PCs 1700 0.74 0.21 10.14 6.2 3.9 9:1 57
AS-2-600 PCs 1260 0.55 0.52 6.1 4.8 9:1 67
VR-93-M PCs 2895 1.28 0.8 S.5 4.59 7:1 68
NG7 NPCs 979.6 0.412 4.19 2.7 18:1 69
CPC-550 NPCs 1630 0.59 0.35 7.88 8.3 5.8 21:1 SS

“PCs represent porous carbons; NPCs represent N-doped porous carbons; MCs represent mesoporous carbons; and NMCs represent N-doped
mesoporous carbons. bCalculated by IAST (298 K) for a gas mixture of 0.1:0.9 CO,/N, at 1 bar.

sizes in all samples were similar, in the range 0.5—0.7 nm,
which has been proven to be greatly beneficial for CO,
capture.”” As the activation temperature increases, the density
of ultramicropores (d < 0.7 nm) increases. At a higher
temperature, the chemical activation became more drastic,
generating more ultramicropores in the porous carbons. A
certain number of larger pores (maximum = 2 nm) were
detected, resulting from the collapse of the porous carbon
framework at higher temperatures. The sample PBZC-3-900
showed more ultramicropores than other samples. It had an
ultramicropore volume of 1.12 cm® ¢! and the highest BET
surface area.

According to previous reports, the capacity of CO,
uptake is related to the surface chemical composition of
activated carbon. To reveal the nature of nitrogen and oxygen
on the surface of activated carbon, X-ray photoelectron
spectroscopy (XPS) was applied, as presented in Figure S4
and Table S1. The samples consisted of C, N, and O, which
were detected by analyzing their 1s spectra. The oxygen
contents of the different samples ranged from 8.46 to 18.74 wt
%. The O 1s spectra included four peaks that were attributed
to (O-I) carboxylic C=0, (O-II) hydroxyl OH, (O-III)
phenol type C=OH/C—0-C, and (O-IV) carboxylic C=
O—O*H, with binding energies of 530.4, 531.6, 532.5, and
533.6 €V, respectively.”” The N 1s spectra of all samples
showed three peaks at 399, 400, and 401 eV, which correspond
to pyridinic N (N-6), pyrrolic N or pyridonic N (N-5), and
quaternary N (N-Q), respectively.””*® The nitrogen and

54,55
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oxygen contents are closely linked to the activation temper-
ature, indicating that the contents of N and O decrease
dramatically at high temperatures, which is in accordance with
previous literature.”**® The contents of O-containing and N-
containing functionalities of all the samples were calculated
(Table S1), and they indicate that hydroxyl and phenol were
the abundant O-containing groups in these samples. As for N-
containing groups, pyridinic N was the richest among most
samples, whereas PBZC-3-800 possessed the most abundant
pyrrolic/pyridonic N (N-5). According to previous literature,
pyrrolic and pyridonic nitrogens (N-5) are considered to have
stronger interactions with CO, molecules.’®*” However, the
sample PBZ-3-800 only contained 0.41 wt % pyrrolic/
pyridonic nitrogen, which may have a slight influence on
CO, uptake. Notably, the contents of hydroxyl and phenol
reached 9.68 wt %.

The CO, capture performance of the PBZCs was
investigated at 273 and 298 K at 1 bar. The CO, adsorption
isotherms at 273 and 298 K are shown in Figure 4a,b, and the
corresponding uptake values at 1 bar are presented in Table 2.
It can be observed that the CO, uptake capacity of the PBZC-
3-T samples first increased and then decreased as the activation
temperature increased from 600 to 900 °C. Among these
samples, at 1 bar, the sample PBZC-3-800 exhibited the
highest CO, uptake capacities of 8.44 and 4.98 mmol g™' at
273 and 298 K, respectively. Notably, PBZC-3-900 possessed
the highest specific surface area and largest ultramicropore
volume but exhibited a lower CO, capacity (8.17 mmol g™")
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than that of PBZC-3-800 (8.44 mmol g™'), indicating that the important role in the CO, adsorption performance. The
CO, capture capacity is not completely dependent on the adsorption capacity of the sample PBZC-3-800 is one of the
porosity of the adsorbent. The surface chemistry may play an highest yet reported among the polybenzoxazine-based nitro-
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gen-doped porous carbons, such as NPC-1 (6.20 mmol g~ at
273 K),”® NPC-2 (6.35 mmol g™* at 273 K),”” BZCN-A (2.82
mmol g™ at 298 K),*” and CBD-900 (5.16 mmol g™" at 273
K).® The sample PBZC-3-600 showed the lowest CO,
adsorption capacity of 6.76 mmol g™' at 1 bar/273 K, which
is still much higher than that of NPC-2. This indicates that the
CO, capture performance of PBZCs is apparently superior to
that reported for polybenzoxazine-based carbons. The high
CO, uptake capacity of 8.44 mmol g is also superior to that
reported for different types of porous carbons under identical
measurement conditions (Table 3). Compared to other types
of porous carbons, the CO, uptake capacity of PBZCs,
especially at 273 K, is among the highest reported under
identical measurement conditions, although it is still lower
than (tlhat of physically activated polyacrylonitrile (11.5 mmol
g’

To explore CO,/N, selectivity performance, N, uptake
isotherms were collected at 273 and 298 K at 1 bar. As shown
in Figure Sa and Table 2, the N, adsorption capacities of
PBZC-3-600 are 0.43 and 0.18 mmol g~' at 273 and 298 K,
respectively, which are apparently lower than that for CO,,
indicating remarkable selectivity performance for CO, uptake
against N,.

Methane is generally utilized as a fuel and usually contains
some acid gas CO,, which can corrode equipment and
compromise its heat value during the combustion process.
Therefore, the capture of CO, from CH, has drawn much
attention. The CH, isotherms were measured for all PBZC
samples at 273 K up to 1.0 bar and are presented in Figure 4c.
The values obtained from these samples all reveal excellent
selective adsorption results of CO, from CH,, ranging from
1.42 to 2.60 mmol g~". In the case of PBZC-3-800, its CO,
capture capacity can reach 8.44 mmol g~' at 273 K (1.0 bar);
however, the uptake of CH, is only 2.18 mmol g/, which is
much lower than that of CO,. These results demonstrate that
PBZCs can effectively separate CO, from methane-containing
gas mixtures.

Based on the above results, the performance of PBZCs is
considered ideal for the selective uptake of CO, from N, and
CH, and may have the potential for application to gas
separation. Landfill gas and flue gas are typically mixtures of
CO,/CH, and CO,/N,, respectively. Methods of removing
CO, from N, and CH, are of great practical significance. We
used the ideal adsorbed solution theory (IAST) to estimate the
selectivity performance of CO,/N, and CO,/CH,. Accord-
ingly, a 10:90 mixture of CO,/N, was calculated, and the
selectivity results are displayed in Figure 6a. The IAST
selectivity results for a 15:85 mixture of CO,/N, are presented
in Figure S4 and Table S2.

Specifically, the PBZC-3-T (T = 600, 700, 800, and 900)
series showed IAST selectivity factors of 35, 56, 34, and 37 at
273 K (1.0 bar), respectively. Notably, at 273 K and 1.0 bar,
the IAST selectivity remains high, ranging from 20 to 59,
indicating that PBZC-3-T could effectively separate CO, from
flue gas at room temperature. The IAST selectivity factor of 59
is comparable to the highest reported for porous carbon, as
presented in Table 3. The values of CO,/CH, IAST selectivity
at 273 K (1 bar) ranged from 6.2 to 7.9, assuming a 50:50
mixture of CO,/CH, (Figure 6b), which are close to those of
PYDCs® and Zeolite-13X.°> It is noteworthy that the IAST
selectivity of CO,/CH, is much lower than that of CO,/N,
selectivity, corresponding to a higher uptake capacity and the
polarity of its methane molecules.

Based on the IAST selectivity, PBZC-3-700 shows higher
selectivity toward binary mixed gases. To estimate the
properties of PBZC-3-700 in the practical separation process,
we carried out dynamic breakthrough experiments under
kinetic flow conditions with a gas flow rate of 2 mL min~" at
298 K. A gas chromatography was employed to detect the
concentration of gas mixtures. As shown in Figure 6d, N, first
eluted through the packed column due to its lower capacity
and the CO, breakthrough occurs at about 14.4 min for CO,/
N, (10:90); thus, a clean separation of the gas mixture could
be achieved. For CO,/CH, (50:50) mixtures (Figure 6c), the
breakthrough time for CH, was shorter compared to that of
CO,, indicating a high selectivity for landfill gas in a practical
setting. Correspondingly, the gas mixture breakthrough
selectivities of PBZC-3-700 were calculated to be 46 and 6.8
for flue gas (10:90) and landfill gas (50:50), respectively.
These excellent results strongly demonstrated that the PBZC-
3-700 is a promising CO, capture candidate for efficiently
selective separation binary gas mixtures.

To further evaluate the interaction strength between CO,
and the PBZC samples, isosteric heats of adsorption (Q,,) were
calculated by Clausius—Clapeyron equations using CO,
adsorption values measured at 273 and 298 K (Figure 4d).
The values of Q, reflect the binding affinity between CO,
molecules and carbon, with higher values representing stronger
interaction. PBZC-3-800 showed a high Q value, ranging from
32 to 35 kJ mol™’, which apparently drops with the increases in
loading. Similar downward trends in Q,, were observed for all
samples, which could result from the changes in the interaction
between CO, and the porous carbon surface binding sites. At
low pressures, CO, molecules adequately interact with the
heteroatoms of the carbon surface through hydrogen bonding
and CO, molecules can be readily confined in the ultrafine
pores, whereas the interaction strength decreases significantly
as the binding sites become fewer and more saturated, which
leads to downtrends in Q, at higher CO, loadings.
Furthermore, the moderate Q, values of PBZCs not only
provide a favorable binding affinity for CO, uptake but also a
simple adsorbent regeneration method without high temper-
ature, which could save regeneration costs for large-scale CCS
processes.

Their ultrahigh CO, adsorption capacity makes PBZCs
among the most promising candidates for use as CO,
adsorbents. According to previous reports, gas uptake capacity
generally depends on the specific surface area and micro-
porosity of porous carbons. However, while PBZC-3-900
possessed the highest specific surface area (2423 m?®/g) and
ultramicropore volume (1.12 cm® ¢7'), it had a CO,
adsorption capacity of 8.17 mmol ¢! (at 273 K and 1 bar),
which is much lower than that of PBZC-3-800 (8.44 mmol
g™") under identical conditions.

These results indicate that CO, capture capacity is not
completely dependent on the specific surface area and
ultramicropore volume of the adsorbent. Although a high
specific surface area and large ultramicropore volume may
affect the adsorption capacity to some extent, the ultrahigh
CO, capacity of PBZCs cannot be solely explained by porosity.
In this case, the major influence on ultrahigh capacity could be
heteroatom doping. The effect of nitrogen functionalities on
the enhancement of CO, adsorption cagacity in porous
carbons has been adequately documented.’”**> Many authors
have explained that heteroatoms can cause CO, molecule
interactions with nitrogen functionalities through Lewis acid—
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base and dipole—quadrupole interactions. It is worth noting
that PBZC-3-T possesses a trace nitrogen content that can be
ignored, as it would hardly contribute to CO, uptake. In
contrast, the oxygen content of PBZCs is much higher than
that of nitrogen. The impact of oxygen-containing groups on
the CO, uptake of carbons has been underestimated thus far.
Notably, the precursor of PBZCs is derived from polybenzox-
azine, which contains three hydroxyl groups. According to XPS
analysis, abundant hydroxyl groups remained in the PBZC
samples after high-temperature processing (Figure SS).

The introduction of electron-rich oxygen functionalities
(especially hydroxyl groups) could obviously change the
electron distribution of porous carbon, inducing polarity into
the carbon framework. The oxygen-containing groups, as
electronegative species, could anchor CO, molecules through
hydrogen bonding interactions between the hydrogen atoms
on the surface of the carbon (in OH and COOH) and the
oxygen atoms of CO, molecules. The existence of hydrogen
bonding greatly facilitates CO, adsorption capacity, which can
explain the ultrahigh CO, capture capacity of PBZC-3-800.
Furthermore, the presence of hydrogen bonding has a positive
impact on CO,/N, selectivity. Due to the difference between
N, and CO,, CO, molecules can form hydrogen bonds with
PBZC porous carbons but there are no strong interactions
between N, and carbons. This leads to an ultrahigh CO,
capture capacity with a low N, capture capacity. Such huge
adsorption variations contribute to high CO,/N, selectivity
performance. Both high CO, capture capacity and good CO,/
N, selectivity are deeply influenced by hydrogen bonding
interactions, which make our materials highly promising for
selective CO, capture from gas mixtures.

To further reveal the detailed interaction mechanism of the
oxygen functionalities of porous carbon for CO, capture, DFT
calculation was conducted to characterize the hydrogen
bonding interactions between PBZCs and CO, molecules.
Classic DFT calculation only takes strong interactions into
account, that is, covalent and ionic bonds. However, dispersion
interactions are totally neglected, such as hydrogen bonds and
van der Waals forces. Therefore, DFT-D2 proposed by
Grimme in which dispersion interactions such as hydrogen
bonding and van der Waals forces are considered was
employed to evaluate the hydrogen bond interactions between
porous carbon and CO,. We calculated the binding energy
with and without dispersion corrections. The effect of
hydrogen bonding can be reflected by the difference in the
binding energies. As hydrogen bonds originate from the
functional groups instead of the carbon framework, the carbon
framework can be substituted by a benzene ring in the
simulation.”” The adsorption structures derived from the DFT
calculations are presented in Figure 7, and the corresponding
binding energies are listed in Table S3. The calculated binding
energies with dispersion correction are all negative, while those
without dispersion correction are all positive. According to the
definition of binding energy, a negative binding energy
suggests a stable adsorption structure, while a positive one
indicates that CO, molecules cannot be adsorbed by the
substrate. Although a simplified model was used, which cannot
fully explain the adsorption of CO, molecules, the trend in the
calculated binding energy shows that long-range hydrogen
bonding is favorable to CO, uptake.

Based on the above DFT calculations, we demonstrate that
the existence of hydrogen bonding reduces the binding energy
between PBZCs and CO, molecules, which greatly enhances

DOI: 10.1021/acs.energyfuels.9b02631
Energy Fuels 2019, 33, 11454—11464


http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.9b02631/suppl_file/ef9b02631_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.9b02631/suppl_file/ef9b02631_si_001.pdf
http://dx.doi.org/10.1021/acs.energyfuels.9b02631

Energy & Fuels

CO, adsorption. These results can explain the phenomenon
whereby CO, uptake capacity is not closely linked with
porosity. Similarly, the CO, adsorption performance of
oxygen-doped porous carbon cannot be solely measured in
terms of porosity, but should also take hydrogen bonding into
account. Due to their high porosity, fishnet-like structure, and
hydrogen bonding, PBZCs have an ultrahigh CO, capacity of
8.44 mmol g~ and a superior CO,/N, IAST selectivity of 56
at 273 K and 1 bar.

4. CONCLUSIONS

In conclusion, novel, fishnet-like PBZCs were prepared by the
rational design of a modified polybenzoxazine precursor
containing three hydroxyl groups. Specifically, the PBZCs
were obtained by one-step monomer thermal curing, carbon-
ization, and activation of a PBZ-KOH powdery mixture. The
resulting porous carbons exhibit ultrahigh CO, uptakes of up
to 844 mmol g~ at 273 K and 1 bar. As the activation
temperature increases, the porosity of the PBZCs increases
significantly, which increases the N, and CH, adsorption
capacities. However, CO, uptake was not completely positively
correlated with porosity. Through theoretical calculation and
experimental analysis, we have demonstrated the impact of the
oxygen functionalities of PBZCs on CO, capture; these
functionalities form hydrogen bonds with CO, molecules.
The binding energies between porous carbons and CO,
molecules are much lower with dispersion correction than
without it. This indicates that the hydrogen bonding greatly
facilitates CO, adsorption, enhancing both CO, uptake
capacity and adsorption selectivity. Hence, the superior CO,
adsorption performance is greatly influenced by hydrogen
bonding, rather than being solely dependent on porosity.
Furthermore, the fishnet-like framework of PBZCs effectively
boosts the process of CO, capture. Such porous carbon PBZCs
are promising CO, adsorbents, and our work provides a
guidance for the design of new high-performance CO,
adsorbents.
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