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ABSTRACT: Porosity is the key factor in determining the CO,
capture capacity for porous carbon-based adsorbents, especially
narrow micropores of less than 1.0 nm. Unfortunately, this desired
feature is still a great challenge to tailor micropores by an effective,
low-corrosion, and environmentally friendly activating agent.
Herein, we reported a suitable dynamic porogen of CuCl, to
engineer microporous carbons rich in narrow micropores of <1.0
nm for solving the above problem. The porosity can be easily
tuned by varying the concentration of the CuCl, porogen. The
resultant porous carbons exhibited a multiscale micropore size,
high micropore volume, and suitable surface nitrogen doping content, especially high-proportioned ultromicropores of <0.7 nm. As
adsorbents for capturing CO,, the obtained microporous carbons possess satisfactory CO, uptake, moderate heat of CO, adsorption,
reasonable CO,/N, selectivity, and easy regeneration. Our work proposes an alternative way to design porous carbon-based
adsorbents for efficiently capturing CO, from the postcombustion flue gases. More importantly, this work opens up an almost-zero
cost and industrially friendly route to convert biowaste into high-added-value adsorbents for CO, capture in an industrial practical
application.

1. INTRODUCTION is the key parameter in determining the CO, adsorption
capacity of porous carbons, which plays a decisive role in CO,

The rapid and continued economic development causes a e
capture capacity. " Particularly, micropores of less than 1.0

much-needed demand for energy. The combustion of large-

scale fossil fuels has been continuously increasing to meet the nm have a major contribution to CO, capacity at low pressure
energy requirement of the world, which brings huge CO, and high temperature for the postcombustion capture.

emissions. Consequently, an ever-increasing buildup of Therefore, such desirable properties have been targeted in
excessive CO, concentration in the atmosphere has been rationally engineering porous carbons by tailoring porosity.

witnessed. CO, is one of the predominant greenhouse gases, For this purpose, significant progress has been made in the
resulting in global warming and anthropogenic climate change. design of such porous carbons regarding pore structure
Many countries have taken active measures to curb CO, engineering by different synthesis strategies with all kinds of
emissions and have put forward the goal of net-zero carbon sources. Activation technologies are the most widely
emission.' > However, it is an irresistible difficulty to totally adopted routes to construct porous carbons with rich porosity,
eliminate fossil fuel combustion to supplement clean energy especially chemical activation. On this regard, a wide variety of
during the transition to net-zero emissions. In this context, activating agents have been explored for chemical activation to

CO, capture and storage (CCS) has been regarded as a highly produce well-developed pore structure, such as KOH, NaOH,
promising strategy for mitigating the atmospheric CO, ZnCl,, H,PO,, H,S0,, and K,CO,."*** Among them, KOH
concentration and the deleterious effects of excessive CO, is the most widely used, which can efficiently contribute to

i 4—6
€mission. generate porous carbons with high-proportioned micropores or
i i i 24,25 : :
Among the different CO, CCS strategies, pressure swing small mesopores. However, rich micropores can be

adsorption of CO, with porous solid materials is the most produced in carbon skeleton and usually deliver poor control
effective route for CO, capture owing to the low energy
consumption, high adsorption efficiency, and facile operating
conditions.”~” Among porous solid adsorbents, porous carbons
are considered as good candidates for industrially mature CO,
capture in large-scale practical application by virtue of large
surface area, easy-to-design pore size, tunable surface
chemistry, controllable morphology, low cost, easy regener-
ation, and wide availability.'°~'* Among these factors, pore size
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Figure 1. (a) Schematic illustration for the synthesis of MC-x. The XRD patterns of before (b) and after (c) acid washing and MC-x samples. (d)

Raman spectra of MC-x samples.

on the micropores of <1 nm, especially the ultramicropores of
<0.7 nm, resulting in the low fraction of ultramicropores in
porous carbon frameworks. Furthermore, these common
chemical-activating agents are prone to destroy the morphol-
ogy and structure of final porous carbons and usually trigger
the tough requirements for equipment, which easily corrodes
the equipment due to their high corrosion. Meanwhile, the
removal of the residues from the products could bring
environmental pollution problems.”® These issues seriously
restrict their large-scale industrial application. Consequently, it
is greatly desirable to explore a mild activating agent with
environmental friendliness for rationally tailoring ultramicro-
pore size in highly effective CO, capture.

In addition, different kinds of carbon sources have been
employed to synthesize porous carbons, and importantly,
precursors play an important role in engineering morphology
and porosity. Owing to its low cost, diversity, and renewability,
biomass is a widely available precursor to synthesize porous
carbons for different applications.””*° In this work, we
developed an efficient and low-cost strategy for the synthesis
of microporous carbons using CuCl, as a dynamic porogen and
wasted natural woods as carbon precursors. This strategy
highlights to construct microporous carbons with a tunable
narrow micropore structure by varying the concentration of the
CuCl,-activating agent, particularly in ultramicropores of <0.7
nm. As expected, the resultant microporous carbons exhibit
tailorable microporosity, especially a high fraction of ultra-
micropores (<0.7 nm) and supermicropores ranging from 1.0
to 1.5 nm, and a suitable surface nitrogen group by a self-
doping process. Benefiting from these key characteristics, these
as-prepared microporous carbons obtain a satisfactory CO,
adsorption capacity, moderate adsorption heat, and superior
CO,/N, selectivity and reusability for CO, capture at ambient
conditions. Importantly, our developed strategy shows great
potential for producing sustainable porous carbon-based
adsorbents for highly efficient CO, capture from postcombus-
tion flue gases in a one-stone-to-bird manner.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Anhydrous copper chloride (CuCl,) and
hydrochloric acid solution (HCl) were purchased from
Shanghai Aladdin Industrial Corporation. All of the chemicals
are of analytical grade and used without further purification.

2.2. Preparation of Sustainable Microporous Car-
bons. Waste paulownia wood was collected and cut into
powder, washed repeatedly with deionized water, and then
immersed in ethanol for 12 h. Subsequently, the powders were
washed and dried at 70 °C overnight. Then, 4 g of dried
powders was precarbonized at 400 °C for 2 h in an Ar
atmosphere with a heating rate of 5 °C/min. The black
powders were obtained and used as the carbon precursor.

Microporous carbons were synthesized by an inorganic
dynamic activation strategy using CuCl, as a porogen.
Typically, 1 g of the obtained black powders was impregnated
in 40 mL of CuCl, solution with a certain mass. After stirring
for 4 h, the solution was evaporated to dryness on a rotary
evaporator and the obtained powders were dried at 60 °C
under vacuum. The dried powders were carbonized in a
tubular furnace at 800 °C for 2 h under an Ar atmosphere with
a heating rate of 5 °C/min and an Ar flow rate of 50 mL/min.
The carbonized products were immersed in HCI solution (2
M) overnight. Then, the products were filtered and washed
with deionized water until the pH of the washed solution
became neutral. Finally, the materials were dried at 70 °C to
obtain microporous carbons, which were designated as MC-x,
where x refers to the mass ratio of CuCl,/precursor (x = 1, 2,
3, and 4).

2.3. Characterizations. X-ray diffraction (XRD) patterns
were carried out by using a Bruker D8 diffractometer using Cu
Ka radiation (1 = 0.15418 nm) as an X-ray source. Raman
spectra were collected using a laser Raman spectrometer
(Thermo Fisher Scientific, USA) equipped with a He—Ne laser
wavelength of 532 nm. Fourier transform infrared (FTIR)
spectra were measured on a Nicolet 6700 spectrometer. Pore
structure characterization was determined from N, adsorp-
tion—desorption isotherms at —196 °C using Micromeritics
ASAP 2020. Before adsorption, the samples were outgassed at
200 °C for 10 h. The specific surface area was calculated using
the Brunauer—Emmett—Teller (BET) method, and the pore
size distribution was calculated by density functional theory
(DFT). The morphology was observed through scanning
electron microscopy (SEM, JSM-IT300, JEOL, JPN) and
transmission electron microscopy (TEM, Tecnai G* 20 S-
TWIN, USA). X-ray photoelectron spectra (XPS) were
obtained on a K-Alpha plus X-ray photoelectron spectrometer
with an exciting source of Al-Ka (1486.6 eV).
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2.4. Gas Adsorption Measurements. Gas adsorption
isotherms of CO, and N, at the desired temperatures were
determined using a Micromeritics ASAP 2020 instrument. The
samples were degassed at 200 °C for 10 h before each gas
uptake measurement. The isotherms of CO, and N, at 0 and
25 °C were conducted in an ice—water bath and a water bath,
respectively.

3. RESULTS AND DISCUSSION

3.1. Structural Analysis of MC-x Materials. Waste
paulownia woods are usually discarded or incinerated, which
cause serious environmental pollution and damage. The main
components of waste natural woods are cellulose, hemi-
cellulose, and lignin, which can act as the carbon source for the
preparation of carbon-based materials. In this work, micro-
porous carbons were prepared by a new dynamic activation
strategy using waste natural woods as single carbon and
nitrogen sources as well as CuCl, as a dynamic porogen. The
fabrication process is illustrated in Figure la. First, the waste
paulownia woods were crushed, washed, and dried. Then, the
dried sawdust was precarbonized at 400 °C for 2 h under Ar
and the obtained black powders were used as a precursor.
Next, the obtained black powders were immersed in CuCl,
solution with the different dosages for 4 h. After evaporation of
water on a rotary evaporator, the dried mixture was heated
under an Ar atmosphere at 800 °C for 2 h. Finally, the
microporous carbons were obtained by being treated with acid
to remove the generated Cu species during the heat treatment.
During the heat treatment, the carbon skeleton was generated
and reacted with CuCl, to etch the carbon skeleton. Under the
dynamic pore-creating of CuCl,, the evaporation and leaching
of Cu can gradually generate developed hierarchical micro-
pores.31 Importantly, the hierarchical microporosity can be
tailored by adjusting the concentration of CuCl,.

To confirm the reasonability of the above proposed CuCl,
dynamic activation process, the XRD pattern of the
intermediate was recorded. After heat treatment at 800 °C
and before acid washing, the characteristic diffraction peaks of
metallic Cu (JCPDS no. 04-0836) can be observed (Figure
1b), which should be from the reduction of Cu** by carbon or
reductive gases as carbonization and pyrolysis proceeded. Such
results demonstrate that the proposed CuCl, dynamic
activation mechanism described above is reasonable. Figure
1c shows the XRD patterns of the MC-x samples. Two wide
diffraction peaks at around 26 = 24 and 43° are presented in all
MC-x samples, which correspond to the (002) and (100)
planes of graphitic carbon. However, the weak diffraction
intensity suggests the low degree of crystallinity, indicative of
the amorphous carbon framework in MC-x. The graphitization
degree and carbon defect of MC-x were further examined by
Raman spectra (Figure 1d). Obviously, two intensive peaks
located at ~1356 and 1586 cm™ can be found in all MC-x
samples, which are, respectively, assigned to the D- and G-
bands. The D-band reflects the disordered carbon structure
caused by carbon lattice defects, and the G-band corresponds
to the ordered alignment of graphitic carbon structure.’”
Furthermore, the relative intensity of D- and G-bands (Ip/I;)
can be used to evaluate the graphitization degree and defect
density of the carbon skeleton. The corresponding I/I; values
of MC-1, MC-2, MC-3, and MC-4 are 1.14, 1.12, 1.05, and
1.02, respectively. Such results reveal that the resultant MC-x
materials have a low graphitization level and a high defect
density. However, with the increase of CuCl, dosage, the

graphitization degree of the carbon microstructure is enhanced,
which could be related to the catalytic effect of metallic Cu
species to the carbon skeleton.

Electron microscopy technology was employed to reveal the
evolution of the microstructure and morphology. As shown in
the SEM image of the original precarbonized precursor (Figure
S1, Supporting Information), a regular microchannel structure
arrayed in parallel with an average tube diameter of about $ ym
can be clearly observed and the tube surface is smooth with the
ignorable pores. After CuCl, activation, all MC-x samples
basically inherit the original aligned microchannel structure
(Figure 2a—d). However, it can be clearly observed that the

Figure 2. Structure and morphology characterizations. SEM images of
(a) MC-1, (b) MC-2, (c) MC-3, and (d) MC-4. TEM images of (e)
MC-2 and (f) MC-3.

surface roughness of MC-x gradually enhances with the etching
of CuCl, porogen and even some small fragments can be
found. Meanwhile, some macropores can be observed on the
surface of microtubes and the number of pores increases with
the enhancement of CuCl, dosage. Such results should be
ascribed to the removal of reduced Cu nanoparticles by acid
washing that contributes these macropores on the surface of
MC-x samples. Furthermore, large numbers of irregular white
spots can be clearly observed in the high-magnification TEM
images (Figure 2e,f) and the number of micropores enhances
with the increase of the CuCl, dosage. Such results further
confirm that the CuCl, dynamic porogen can etch the carbon
skeleton to generate abundant micropores and even small
mesopores. Importantly, the amount and size of these
nanopores can be tailored by adjusting the CuCl, dosage.
The N, physisorption technology was employed to further
explore the porosity of the as-prepared MC-x samples.
Microporous carbon synthesized from waste paulownia wood
without CuCl, treatment exhibits a typical type I isotherm of
microporous material with a relative low surface area of 360.7
m? g~ and a narrow pore size distribution of 0.6—1.5 nm
(Figure S2). Obviously, all MC-x samples exhibit a typical type
I isotherm (Figure 3a), indicative of the microporous structure
from CuCl, dynamic activation. The sharp adsorption
inflection at low relative pressure of <0.01 reflects a superior
microporosity, and the higher N, adsorption amount means a
larger micropore surface area. As a result, an improved
micropore surface area is obtained with an increase of the
CuCl, dosage (Table 1), which should be attributed to the
progressive CuCl, dynamic activation. The evolution of the
hierarchical porosity can be further analyzed by the pore size
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-~ a b - — which is consistent with the analysis result of the FTIR
ng 4001 e e spectrum. The survey spectra of MC-x reveal the composition
S ol 5 of C, N, and O elements (Figure 4c), and their atomic
8 2 concentrations are listed in Table S1, which evidently shows
$ 200 ° that the O contents in MC-x have a significant dependency on
> 100l X mg; -~ mgi the CuCl, dosage. Such results should be related to the further
g . - elimination of surface oxygen-containing functional groups
SR L, T with the aid of CuCl, etching. Figure 4d presents the high-
00 02 04 06 08 1.0 0 1 2 3

Relative pressure (P/P,) Pore size (nm)

Figure 3. Pore structure analysis. (a) N, adsorption—desorption
isotherms and (b) pore size distribution of MC-x samples.

distribution (Figure 3b). Apparently, all MC-x samples show
prominent microporosity with a multiscale micropore size and
the micropore size and proportion stepwise vary with
enhancement of the CuCl, dosage. The micropores of MC-1
mainly center at 0.50 and 0.64 nm as well as at 1.21 nm, but
the micropore of 1.21 nm is a negligible proportion in its
porosity. Except the 0.5 and 0.64 nm micropores, an additional
micropore of 0.82 nm can be generated in MC-2 and MC-3
and the proportion of 0.82 nm is larger in MC-3. Compared
with MC-1, the 1.21 nm micropore is stepwise widened to 1.23
nm (MC-2) and 1.25 nm (MC-3) and the proportion of this
micropore is gradually increased. Noticeably, the micropores of
0.50 and 0.64 nm are dominant in MC-1, MC-2, and MC-3.
Different from other MC-x samples, a widened micropore size
is formed in MC-4 and its micropores center at 0.50, 0.68,
0.86, and 1.27 nm, and the proportions of 0.86 and 1.27 nm
are apparently improved. Furthermore, additional micropores
centered at 1.48—1.57 nm can be found in MC-4. Based on the
above analysis result, it can be concluded that the CuCl,
concentration plays a crucial role in tailoring the micro-
porosity. With the increase of CuCl, concentration, the
proportion of narrow micropores decreases and the micropore
size gradually widens.

The surface chemistry environment of all of the as-obtained
materials was first confirmed by FTIR analysis. As shown in
Figure 4a, the hydrothermal precursor contains abundant
surface functional groups, including C—C, C = C, C—OH, C—
O-C, C—H, or N—H groups,”” suggesting the presence of
numerous oxygen-containing groups. After carbonization and
CuCl, activation, all MC-x samples show a similar FTIR
spectrum with few absorption bands and only C—C and C = C
characteristic absorption peaks can be found (Figure 4b),
which manifests the formation of a carbon skeleton with
relatively high carbonization. XPS characterization was
conducted to further study the surface chemical composition
and functional groups of MC-x. The XPS spectrum of the
hydrothermal precursor demonstrates the existence of C, N,
and O elements (Figure S3), and a high O content is obtained,

resolution O 1s spectra of MC-x samples. It can be
deconvoluted into three separate peaks at ~531.1, 532.1, and
533.1 eV, which are assigned to C=0 or COOH groups, C—
O or C—O-R groups, and O=C—-O functional groups,
respectively.”®>> The N s spectra can be fitted into four
peaks located at ~397.9, 398.8, 399.8, and 402.7 eV (Figure
4e), which confirms that the main N species are pyridinic-N
(N-6), pyrrolic-N (N-5), quaternary-N (N-Q), and pyridine-
N-oxide (N-X), respectively.””*” Apparently, pyridinic-N and
pyrrolic-N are dominant in surface N functional groups of MC-
x, which could be conducive to the improvement of CO,
capture capacity because of the relatively high basicity.*®

3.2. CO, Capture Property of MC-x Materials.
Considering the prominent hierarchical micropores, high
surface area, and suitable surface groups, the resultant MC-x
materials are expected to be an ideal adsorbent for CO,
capture. The CO, capture property of all MC-x samples is
investigated at two representative temperatures of 273 and 298
K. As depicted in Figure Sa,b, the CO, uptakes of MC-x
samples increase with the pressure at both temperatures, which
manifests that a higher CO, uptake capacity could be obtained
by rising the pressure. Furthermore, all MC-x samples exhibit a
superior CO, uptake at 273 K than those at 298 K, manifesting
that this CO, adsorption is an exothermic physical adsorption
process.”” The CO, uptakes of MC-x samples under 0.15 and
1.0 bar at 273 and 298 K are listed in Table S2. MC-3 shows
the highest CO, uptakes of 5.31 and 1.81 mmol g™' under 1.0
and 0.1S bar at 273 K, which is comparable and even higher
than other porous carbon-based CO, adsorbents (Table S3).
Such satisfactory CO, uptakes should be ascribed to its
developed hierarchical micropores, especially the high-
proportioned ultramicropores. Although MC-4 has the largest
micropore surface area and pore volume, it exhibits a decreased
rate of CO, uptake. Such result could be resulted from its high
proportion of large micropores. Noticeably, MC-1 and MC-2
display higher CO, uptakes at 298 K under 0.15 and 1.0 bar
and MC-1 exhibits the highest CO, uptake under below 0.3
bar. Based on the above results, it can be concluded that
narrow micropores could make more contributions to CO,
adsorption at low pressure and high temperature and large
micropores could play a determined role in CO, adsorption at
high pressure and low temperature. Such adsorption behaviors
further certify the pore-filling mechanism during CO, capture

Table 1. Pore Textural Parameters of the MC-x Materials

sample  Sper® (M g7)  Spi” (M2 g7) Sy’ (M g7)  Viw (em’g7) Vo' (emPg) Vol (emPgT) I/l yield (%)
MC-1 841.4 814.6 335.7 0.34 0.32 0.10 1.14 49.6
MC-2 1065.7 1026.8 339.8 0.44 0.40 0.11 1.12 43.6
MC-3 1302.4 1252.8 328.1 0.46 043 0.09 1.05 39.8
MC-4 1538.2 1476.9 267.4 0.63 0.58 0.08 1.02 36.7

“BET surface area. bMicropore surface area calculated using the V—t plot method. “Ultramicropore surface area calculated using the DFT method
to experimental CO, adsorption at 0 °C. “The total pore volume calculated by single-point adsorption at P/P, = 0.9945. “The micropore volume
calculated using the V—t plot method. fUltramicropore volume calculated using the DFT method to experimental CO, adsorption at 0 °C.
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Figure 4. Surface chemistry analysis. FTIR spectra of the hydrothermal precursor (a) and MC-x samples (b). The XPS analysis of MC-x: (c) survey
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Figure 5. CO, capture capacity of MC-x at different adsorption
conditions. (a) CO, adsorption isotherms at 273 (a) and 298 K (b).
CO, uptakes under 0.15 bar at 273 K (c) and 298 K (d).

over porous carbon-based adsorbents.”” To further analyze the
influence of pore structure on the CO, capture behavior, the
relationship between the porosity and CO, capture is
summarized. As shown in Figure S4a—d, almost no correlation
between CO, uptakes and total BET surface area, total pore
volume, micropore surface area, and micropore pore volume
are obtained. However, a good correlation between CO,
uptakes and ultramicropore surface area/ultramicropore
volume can be found (Figure S4ef), which confirms the
decisive role of ultramicropores of less than 0.7 nm on CO,
capture capacity.

The flue gases from fossil fuel-fired power plant contain large
numbers of CO,, and the practical pressure of CO, in flue
gases is about 0.15 bar.*' As a result, the CO, capture capacity
at 0.15 bar reflects the possibility of acting as a promising
adsorbent for flue gases in practical application. Apparently,
the variation trend of CO, uptakes at 0.15 bar is different from
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that at 1 bar (Figure Sc,d), especially for the uptakes at 298 K.
MC-1 exhibits a highest CO, uptake, which further confirms
the determined role of ultramicrpores on CO, capture
behavior at low pressure and high temperature.

Except for the satisfactory CO, uptake, good selectivity is
another vital demand for meeting the practical industrial
application of multicomponent adsorption of CO,. In general,
the postcombustion flue gases contain a large number of N,
and the proportion of N, is ~73—77% in volume.*” As a result,
the selectivity of MC-x samples for CO, over N, in binary gas
mixtures was evaluated using single-component isotherms. The
CO, and N, adsorption isotherms of representative MC-2 and
MC-3 at 273 and 298 K are presented in Figure 6a and b,
respectively. The ideal adsorbed solution theory (IAST)
method is employed to analyze the CO,/N, selectivity (the
calculated details are shown in the Supporting Information),
which is a traditional and well-established way to predict the
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Figure 6. CO,/N, adsorption selectivity. CO, and N, adsorption
isotherms at 273 and 298 K over MC-2 (a) and MC-3 (b). IAST
selectivity of CO,/N, on MC-2 and MC-3 at 273 (c) and 298 K (d).
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selectivity of adsorbents in a binary gas mixture. The CO,/N,
ratio is 15/85 (v/v) in the calculation of IAST selectivity,
representing the practical composition of the flue gases. The
CO,/N, IAST selectivity of MC-3 at 273 K is higher than that
of MC-2 (Figure 6¢). The CO,/N, IAST selectivity of MC-3
at 273 K is in the range of 82—42. The CO,/N, selectivity
shows a distinct decrease in the low-pressure region and finally
achieves a plateau with a rise of pressure. The selectivity of
MC-3 still reaches 42 at 1 bar and 273 K. Notably, MC-2
exhibits a higher CO,/N, selectivity at 298 K in the low-
pressure region below 0.4 bar (Figure 6d), which results in a
higher CO, uptake at 0.1S5 bar and 298 K. Such results further
confirm the dominant contribution of ultramicropores on CO,
capture at low pressure and high temperature. The CO,/N,
IAST selectivity of MC-2 is 78 at 0.15 bar and 298 K and still
keeps 48 at 1.0 bar and 298 K, which is comparable or even
much higher than those of most of reported porous
carbonaceous adsorbents.”*”*° Importantly, the CO,/N,
selectivity of MC-x at 298 K has no decrease and even
shows an increase, which significantly favors the practical
application in capturing CO, from the flue gases.

The CO,/N, selectivity of MC-x is also evaluated based on
Henry’s law using the ratio of the initial slope of the CO, and
N, adsorption isotherms. The initial slopes of the CO, and N,
adsorption isotherms of MC-2 and MC-3 at 273 and 298 K are
shown in Figure 7, and the corresponding equations are
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Figure 7. Initial slope calculated from CO, and N, isotherms. (a)
MC-2 at 273 K. (b) MC-2 at 298 K. (¢) MC-3 at 273 K. (d) MC-3 at
298 K.

summarized in the Supporting Information. The Henry’s law
CO,/N, selectivities of MC-2 (MC-3) are 21 (22) and 15
(14) at 273 and 298 K, respectively. It is obvious that the
Henry's law CO,/N, selectivity is lower than that of IAST
selectivity, which could be related to the different fitted models
in the two calculation methods or the heterogeneity of surface
adsorption sites. However, the tendency in CO,/N, selectivity
measured by the IAST and Henry's law is consistent.
According to the above analysis results, it can be concluded
that the good CO,/N, selectivity should be related to the
proportion of the ultramicropore and pore size.

The surface interaction strength between MC-x adsorbents
and CO, molecules was examined by the isosteric heat of

adsorption calculated from the isotherms at 273 and 298 K
using the Clausius—Clapeyron equation.”” As displayed in
Figure 8a, the initial Q, values of MC-x are in the range 36—30

a r b 6
36 —— MC-3 &> 5F
—_ [ —e— MC-4 g
g 2 \ 4T
o 3F
2 30 —8— MC-1 s
T —8— MC-2 S 2t
O a7t 8
1+
F o
24"[ 1 1 1 1 1 1 0
00 05 10 15 20 25 3.0 1 2 3 4 5 6

CO, uptake (mmol g-1) Cycle number

Figure 8. (a) Isosteric heat of CO, adsorption on MC-x samples
calculated from the adsorption isotherms at 273 and 298 K. (b)
Recycling stability test of MC-3.

kJ mol™" at nearly zero CO, loading. Such Q,, values are much
lower than the level of chemisorption, which indicates that the
CO, adsorption process over MC-x is mostly dominated by
the physical adsorption. Furthermore, it can be noticed that the
total Q, values of MC-x are a little higher than those of pure
carbon-based CO, adsorbents and the improved Q, values
could benefit from the presence of a weak intermolecular
interaction contributed from surface nitrogen-containing
groups. Obviously, all the Q,, of MC-x show a sharp decrease
at low CO, surface coverage, which is ascribed to the
continuous occupancy of the adsorption sites. The Q, values
decrease with the increase in the level of CO, uptake,
suggesting the heterogeneity of adsorption sites on the MC-x
adsorbents. MC-3 shows a higher Q, which should benefit
from its superior hierarchical porosity, high-proportioned
microporosity, and suitable surface nitrogen content. As a
promising CO, adsorbent, the superior recyclability and
regeneration with low energy consumption are essential for
practical application. The stability test of representative MC-3
was performed in five consecutive cycles at 273 and 298 K
(Figure 8b). For the stability test, the recycled MC-3 adsorbent
was degassed at room temperature for 2 h for the next cycle of
CO, adsorption. There was almost no change in CO, uptake
after five successive cycles, manifesting the prominent
reusability of MC-3 with low energy requirement. Given the
superior CO, uptake, moderate Q,, satisfactory CO,/N,
selectivity, and easy regeneration, the resultant MC-x materials
are believed to be highly promising adsorbents for CO, capture
from the flue gases in the pressure swing adsorption
technology.

4. CONCLUSIONS

In summary, we designed a series of microporous carbons with
tunable hierarchical microporosity and surface chemistry
properties by using a novel dynamic porogen of CuCl, and
biowaste as carbon sources. Innovatively, the hierarchical
microporosity can be easily tailored by varying the dosage of
the CuCl, porogen, especially the ultramicropore region
centered primarily at pore sizes of 0.4—0.8 nm. The surface
chemistry environment can be modified by self-doping from
the carbon precursor. The well-developed microporosity,
especially the high-proportioned microporosity of less than 1
nm, and surface self-doped nitrogen species favor the as-
obtained MC-x materials in highly effective capturing of CO,.
Based on the analysis of CO, capture behaviors, the resultant
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MC-x materials exhibit satisfactory CO, adsorption capacity,
moderate Q, high CO,/N, selectivity, and superior
regeneration ability, which are believed to be the promising
adsorbents for CO, capture from flue gases in practical
application. Importantly, we develop an almost zero-cost and
industrially friendly route to convert biowaste to high-added-
value products, which not only relieves the environmental
pollution caused by biowaste but also obtains high-perform-
ance porous carbon-based CO, adsorbents.
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