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Hydrothermal synthesis of nitrogen-doped ordered
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Nitrogen-doped ordered mesoporous carbons (NOMCs) were synthesized by single-step hydrothermal
self-assembly using F127 as a soft template, hexamine as a formaldehyde source, L-lysine as
a polymerization catalyst, and 3-aminophenol as both carbon and nitrogen sources. The microstructure
of the NOMCs was characterized by XRD, N, adsorption/desorption, TEM, FTIR, and XPS. The results
indicated that the obtained NOMCs exhibited a large specific surface area, uniform pore size distribution
and highly ordered 2-D hexagonal mesostructure (P6mm). Besides, the nitrogen was uniformly doped
into the carbon framework in the form of various nitrogen species. The adsorption isotherms of CO, and
N, were also determined and could be well fitted by a DSL model. The capture capacity of CO, was
affected by both the nitrogen content and mesostructure of the adsorbents. Overall, NOMC-L-0.5
displayed excellent CO, capture capacity (0 °C, 3.32 mmol g~%; 25 °C, 250 mmol g7, and still

Received 28th November 2019 demonstrated great regenerability with only 2% loss after several CO, adsorption/desorption cycles.
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Moreover, the CO,/N; selectivity calculated by IAST was as high as 43.2 at 25 °C in a typical composition

DOI: 10.1039/¢9ra09983b of flue gas (binary mixtures with 15% CO,). The superior adsorption performance enables NOMCs to be
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1. Introduction

Increased global atmospheric CO, concentration caused by
fossil fuel combustion is the main cause of global climate
deterioration, and the value of which reached 401 ppm in 2013,
an increase of 42.8% compared with the pre-industrial period,
and it is predicted to reach 800 ppm by 2100.** In order to
reduce the harm caused by excessive CO, emissions, the
development of CO, capture technologies is of particular
importance. Among current CO, capture technologies, adsorp-
tion of CO, through porous solid adsorbents has been
promoted significantly due to its environmentally friendly and
economic advantages over conventional chemical absorption
using aqueous amine solutions.>* A large number of porous
adsorbents have been studied, including metal-organic frame-
works (MOFs),® zeolites,® ordered mesoporous silica,” polymers®
and porous carbons.”'® Among them, porous carbons such as
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a promising CO, adsorbent in practical applications.

* carbon nanofibers,***® and carbon nano-

activated carbons,
tubes,'***> show the promise as CO, adsorbents owing to the
high surface area, large porosity, outstanding stability under
various conditions, low regeneration energy costs, and extensive
in raw material source.’® Numerous reports have shown that the
CO, capture capacity and selectivity of porous carbons will be
significantly improved after the introduction of nitrogen func-
tional groups into carbon framework.'”*® Sethia et al.*® synthe-
sized high-nitrogen-content activated carbons which displayed
superior CO, capture capacity of 5.4 mmol g~ " at 25 °C and 100
kPa. Pevida et al®® prepared nitrogen-doped mesoporous
carbon through the use of melamine as nitrogen source, pre-
senting a high capture capacity for CO, (2.25 mmol g~ *, 25 °C,
100 kPa).

Generally, there are two main approaches to incorporate
nitrogen: (1) direct synthesis of nitrogen-containing precur-
sors,”** (2) modified with nitrogen-containing groups after
carbon synthesis.”® The direct method is even better owing to
the controllable chemical composition and uniform nitrogen
distribution.**** There are several direct routes in the synthesis
of nitrogen-containing precursors to obtain nitrogen-doped
highly ordered mesoporous carbon.

The hard-template method for preparing nitrogen-doped
mesoporous carbon requires the polymerization of carbon
precursors and nitrogen sources in the pores of the hard
template. This method has the advantages of adjustable pore
channels but requires a template removal afterwards, which is

This journal is © The Royal Society of Chemistry 2020
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time-consuming, complicated, and poorly industrially appli-
cable.>**” Compared with hard-template method, the evapora-
tion induced self-assembly (EISA) method has great advantages
of synthesizing nitrogen-doped ordered mesoporous carbon
with different structures and properties.”*** However, EISA
method demonstrates some shortcomings, such as the need for
large-scale coating, multiple steps and the consumption of large
amounts of organic solvents that are difficult to recycle, indi-
cating the difficulties in large-scale industrial application.*

To overcome these limitations, the approach of hydrothermal
cooperative self-assembly was selected to prepare nitrogen-doped
ordered mesoporous carbon. The approach is usually a collabo-
rative self-assembly process between soft templates (i.e. Pluronic
F127) and phenol formaldehyde resol.*** The key to obtain
carbon materials with excellent mesostructure via this method is
to control the reaction rate of phenolic polymerization. It is worth
noting that previous studies indicated that amino acids can be
involved in the assembly of polymers and promote the formation
of mesostructures.®***

In this work, the nitrogen-doped ordered mesoporous carbons
(NOMCs) were synthesized by a simple one-step hydrothermal
self-assembly with the use of Pluronic F127 as soft template,
resorcinol as carbon source, 3-aminophenol as both carbon and
nitrogen sources, i-lysine as polymerization catalyst, meso-
structure assembly promoter and nitrogen source. It is worth
mentioning that hexamethylenetetramine (HMT) was used as
a slow release source of formaldehyde, which could be hydro-
lyzed to form formaldehyde and ammonia slowly at an elevated
temperature, thus controlling the reaction rate of phenolic
polymerization well, together with the assist of r-lysine. As
a result, there is no need for additional pre-polymerization
steps.”®> Moreover, the physicochemical properties of the
NOMC s were analyzed by various characterization methods; and
the CO, adsorption performance was also determined.

2. Experimental

2.1. Materials

Triblock poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(-
ethylene oxide) copolymer Pluronic F127 (M, = 12 600,
PEO,(cPPO,(PEO;os) was purchased from Sigma-Aldrich.
Hexamethylenetetramine (HMT), i-lysine, resorcinol and 3-
aminophenol were purchased from Aladdin. All chemicals were
used as received without further purification. Deionized water
was used in all experiments.

2.2. Synthesis of adsorbents

The nitrogen-doped ordered mesoporous carbon samples
(NOMCs) were synthesized following the one-step hydrothermal
self-assembly route. In a typical synthesis, 2.2 g of Pluronic
F127, 0.292 g of 1-lysine, and known amounts of phenols were
added to 36 ml of deionized water and stirred at room
temperature for 30 min. Then 0.7 g of HMT was added. After
stirred for another 1 h, the mixture was transferred into
a hydrothermal reactor with Teflon liner, and further crystal-
lized at 100 °C for 24 h. The obtained polymer was separated by
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filtered and washed with deionized water for three times, fol-
lowed by drying at 60 °C for 12 h in an oven. The yield of product
based on phenolic resin is about 62%. Finally, the product was
calcined under N, atmosphere at 350 °C for 3 h and then at
800 °C for 3 h with a heating rate of 1 °C min™".

During the synthesis, the total amount of phenols (resorcinol
and nitrogen-rich phenol derivative: 3-aminophenol) was fixed
at 0.01 mol. And the mole fraction of 3-aminophenol in total
phenolic compound of the prepared nitrogen-doped ordered
mesoporous carbons were 0, 50%, and 100%. Accordingly, the
carbon samples were named as NOMC-L, NOMC-L-0.5, and
NOMC-L-1, respectively.

2.3. Characterization

The low angle X-ray diffraction (XRD) patterns were recorded on
a LabX-6000 X-ray diffract meter (Shimadzu, Japan) with Cu/Ka
radiation (A = 0.154056 nm) operating at 40 kv and 50 mA. N,
adsorption/desorption isotherms were obtained by a SA 3100
surface area and pore size analyzer (Beckman Coulter, U.S.A) at
77 K. Before the measurements, each sample was pretreated
under vacuum at 120 °C for 10 h. The specific surface area was
calculated by using Brunauer-Emmett-Teller (BET) method at
a relative pressure (Ps/P,) range of 0.05-0.2. The pore size
distribution was obtained from the desorption branch of
isotherm through the Barrett-Joyner-Halenda (BJH) model.
And the total pore volume was determined on the basis of the
volume of liquid nitrogen adsorbed at Ps/P, = 0.98. The
morphology was determined by a Tecnai G> F30 transmission
electron microscope (TEM, FEI, U.S.A). The surface functional-
ities were performed on a Tensor II Fourier transform infrared
(FTIR) spectrometer (Bruker Optics, German) at a resolution of
4 cm™' over the wave number range of 400-4000 cm™'. The
surface chemical species was examined on a ESCALAB 250Xi X-
ray photoelectron spectroscope (XPS, Thermo Fisher Scientific,
U.S.A) with Al/Ka radiation (hv = 1486.6 V).

2.4. Isothermal adsorption measurements

Pure component (CO, and N,) adsorption isotherms were tested
on a JW-BK122W static adsorption analyzer (JWGB Sci & Tech
Co. Ltd, China) at different temperatures (0 °C, 25 °C) under
pressure range of 0 to 100 kPa for the NOMCs. During the
measurement, helium (99.999%), nitrogen (99.999%) and
carbon dioxide (99.999%) with ultra-high purity were used. Each
sample was degassed under vacuum at 120 °C for 10 h prior to
the adsorption isotherms measurements. In order to evaluate
the regenerability of the adsorbent, the adsorption was con-
ducted at 25 °C up to 100 kPa and the desorption was performed
at 25 °C under vacuum. The CO, adsorption/desorption process
was carried out repeatedly by multiple times in the same
manner to test the cyclic adsorption stability.

3. Results and discussion
3.1. Characteristics of NOMCs

3.1.1. Textural and structural properties of NOMCs. The
structural information of NOMCs was obtained by small-angle
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Fig. 1 Small-angle XRD patterns of NOMCs.

XRD diffraction shown in Fig. 1. Basically, XRD patterns of all
the carbon samples reveal well-resolved peaks at 0.5-2.5° of 24.
NOMC-L presents three strong diffraction peaks with a d-
spacing ratio of 1/(1/4/3)/(1/2), which can be indexed as (100),
(110), and (200) reflections, implying an excellent textural
uniformity and highly ordered mesostructure of two-
dimensional (2-D) hexagonal symmetry (space group
Pemm).>** With the increase amount of 3-aminophenol, the
intensity of the diffraction peaks became weakened, NOMC-L-
0.5 still preserves the three characteristic XRD peaks, while
NOMC-L-1 with 3-aminophenol used alone shows only one
visible (100) reflection, which indicated that the regularity of
mesostructure progressively reduced with the increment of 3-
aminophenol dosage during the synthesis of carbon samples.
The textural properties of the NOMCs were obtained by N,
adsorption/desorption analysis. The corresponding structural
parameters such as the specific surface area (Sggr), pore volume
(Vp), and average pore diameter (dp) are listed in Table 1. As
shown in Fig. 2a, all the nitrogen-doped samples show the type
IV N, adsorption/desorption isotherms with clear hysteresis
loop, demonstrating typically mesoporous structure of
NOMCs.*® With the enhancement of 3-aminophenol, the N,
isotherms represented a decreased adsorption capacity and
a reduced hysteresis loop, indicating a downward trend of the
BET specific surface area and pore volume. Besides, the pore
size distribution of three NOMCs is within the mesopore range
(Fig. 2b). NOMC-L exhibits a narrow pore size distribution
mostly at 3.3 nm. As 3-aminophenol dosage rises, the pore size
distribution becomes less concentrated and a gradually
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Fig. 2 N, adsorption/desorption isotherms (a) and pore size distri-
bution curves (b) of NOMCs.

increasing pore size value is obtained. NOMC-L-0.5 can still
maintain a relatively narrow pore size distribution, while the
pore size distribution of NOMC-L-1 shows a wide range of 3.15
to 7.24 nm. The results indicated that excessive 3-aminophenol
might reduce the orderness and uniformity of the carbon
samples.

The morphology of NOMCs was observed using TEM. The
images shown in Fig. 3a and b reveal a clearly highly ordered
mesostructure of NOMC-L and NOMC-L-0.5, while a degrada-
tion of mesostructure can be seen in NOMC-L-1 (Fig. 3c). This
phenomenon indicates that the orderness of the mesostructure
of NOMCs was gradually weakened as 3-aminophenol dosage
increased, which is consistent with the results of XRD diffrac-
tion and N, adsorption/desorption analysis. Moreover, the
HAADF-STEM image and the corresponding elemental mapping
of NOMC-L-0.5 is shown in Fig. 3d, which presents the homo-
geneous distribution of C, N, and O, suggesting the nitrogen
was uniformly doped into the carbon framework.

3.1.2. Surface chemical properties of NOMCs. Fig. 4 shows
the FT-IR spectra of NOMCs which revealed the surface func-
tionalities of the samples. As can be seen from the figure, the
band position of the spectra for NOMCs presented high degree
of similarity. The peaks at ~3444 cm™ ' and ~1637 cm ™" were
attributed to the adsorbed water.*>* While the bands at ~1384
and ~1100 cm ' corresponded to C-N stretching vibration.*!
Besides, the intensity of the characteristic bands of nitrogen
gradually became stronger with an increase in the amount of 3-
aminophenol. Herein, the results of FTIR confirmed the
formation of N-doped carbon frameworks, and indicated the
nitrogen content of NOMCs increased with the enhancement of
3-aminophenol dosage.

The functionalities presented on the surface of NOMCs were
further confirmed by means of XPS analysis. In the survey
spectra (Fig. 5), three typical peaks at ~285, ~400, and ~533 eV

Table 1 Structural properties, elemental composition and CO, capture capacities of NOMCs

CO, capture

Elemental composition (at%) capacity (mmol g )

Samples Sger (M> g™ 1) Vp (em® g™ d, (nm) C (0] N 0°C 25 °C
NOMC-L 435 0.235 3.312 91.8 7.1 1.1 2.59 2.07
NOMC-L-0.5 387 0.212 4.298 91.2 6.3 2.5 3.32 2.50
NOMC-L-1 351 0.198 5.179 91.0 5.4 3.6 3.12 2.10
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Fig. 3 TEM images of NOMC-L (a), NOMC-L-0.5 (b), and NOMC-L-1
(c); (d) HAADF-STEM image and the corresponding elemental mapping
of NOMC-L-0.5.

that could be attributed to carbon (C 1s), nitrogen (N 1s), and
oxygen (O 1s), and the corresponding element contents are
summarized in Table 1, respectively. As can be seen, the content
of nitrogen is positively related to 3-aminophenol dosage, which
increased from 1.1 at% of NOMC-L to 3.6 at% of NOMC-L-1.
The nature of C, O, and N species in the NOMCs were further
studied based on high-resolution XPS spectra. Fig. 6a-c show
that the C 1s spectra of all three NOMCs demonstrate the
presence of four peaks with different binding energies (B.E.)
and concentrations (Table 2). C1 (~284.5 V) is assigned for sp*
(C=C) and sp® (C-C) carbon atoms. C2 (~285 eV) corresponds
to carbon in phenol, alcohol or ether (C-O) and/or C=N bond,
while C3 (~286 eV) to carbonyl or quinone groups (C=0) and/or
C-N linkage, and C4 (288 eV) to carboxyl or ester linkages (O=
C-0).” The content of C3 peak shows an increasing trend with

NOMC-L-1

1636 1384

NOMC-L-0.5

1636 1354 1104
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3445

Transmittance (%)

1637 13841100
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Fig. 4 FT-IR spectra of NOMCs.
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Fig. 5 XPS survey scan spectra of NOMCs.

enhancement in nitrogen content of the samples, demon-
strating the successful doping of nitrogen into the carbon
frameworks.

As seen in Fig. 6d-f and Table 2, the O 1s spectra of NOMCs
reveal the following three peaks: O1 (~531 eV), 02 (~532.8 eV),
and O3 (~533.8 eV), which are associated with carbonyl, ketone
or lactone groups (C=0); alcohol, phenol or ether groups (C-0);
and carboxyl group (O=C-OH).** As previous literature re-
ported, the O1 and O2 peaks are related to basicity while O3
peak is in charge of acidity. Thus, the samples with addition of
3-aminophenol, i.e. NOMC-L-0.5 and NOMC-L-1, exhibit higher
basicity in nature, which is conducive to CO, capture.

As shown in Fig. 6g-i and Table 2, the N 1s spectra exhibited
four peaks with binding energies at ~389 eV, ~400 eV, ~401 eV,
and ~402 eV, which were ascribed to pyridinic-N (N-6), pyrrolic-
N (N-5), quaternary-N (N-Q), and oxidized-N (N-X) respectively.**
N-6 and N-5 exhibited Lewis basic characteristics for the
contribution of p-electrons to m-system, thus providing abun-
dant adsorption sites for CO,. Moreover, the proportion of N-6
and N-5 in the total N content increased from 47.13% (NOMC-L)
to 54.98% (NOMC-L-0.5) and 61.41% (NOMC-L-1) after adding
3-aminophenol, which enabled the NOMCs to capture CO,
effectively.

3.2. CO, adsorption properties

3.2.1. Adsorption equilibrium study. The CO, and N,
capture capacities of NOMCs were studied at 0 °C and 25 °C
under 100 kPa, respectively, and the experimental adsorption
isotherms are presented in Fig. 7. For all three carbon adsor-
bents, the CO, capture capacity was decreased with increasing
temperature in the range of 0-100 kPa, which can be due to the
increased thermal energy of CO, molecules at higher tempera-
ture, indicating an exothermic physical adsorption in the
process of CO, adsorption on NOMCs. The results showed that
NOMC-L-0.5 and NOMC-L-1 presents higher CO, capture
capacity than NOMC-L, which proves that nitrogen doping can
improve the adsorption of CO,. However, NOMC-L-1 with the

RSC Adv, 2020, 10, 2932-2941 | 2935
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highest nitrogen content exhibits a lower CO, capture capacity
than NOMC-L-0.5, the result may be attributed to that, apart
from the nitrogen content, the mesostructure such as the
specific surface area of the samples is also an important factor
influencing CO, capture performance. Apparently, under the
combined influence of the above two reasons, NOMC-L-0.5
shows the maximum CO, capture capacity of 3.32 mmol g~*

Table 2 XPS data of C 1s, O 1s, and N 1s core level of NOMCs

NOMC-L NOMC-L-0.5 NOMC-L-1

Samples B.E. at% B.E. at% B.E. at%

C1 284.8 43.50 284.5 43.90 284.6 44.27
C2 284.9 35.62 284.9 28.23 285.4 25.66
C3 286.1 9.20 285.4 13.89 286.6 15.26
C4 288.9 11.68 287.4 13.98 289.7 14.81
0o1 531.6 29.48 531.3 32.38 531.7 37.15
02 532.6 35.07 532.6 36.64 532.9 37.55
03 533.7 35.45 533.6 30.98 533.8 25.30
N-6 398.5 24.60 398.5 30.46 398.5 33.52
N-5 400.1 22.53 400.6 24.52 400.6 27.89
N-Q 401.1 27.43 401.2 25.38 401.1 23.34
N-X 402.1 25.44 403.6 19.64 402.4 15.24

2936 | RSC Adv, 2020, 10, 2932-2941
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Deconvoluted high-resolution C 1s (a—c), O 1s (d—f) and N 1s (g—i) XPS spectra of NOMC-L, NOMC-L-0.5, and NOMC-L-1.

at 0 °C and 2.50 mmol g~ at 25 °C under 100 kPa (Table 1),
which is higher than N-enriched porous carbons with urea
modification.*® Moreover, the capture capacity of CO, is much
higher than that of N, in whole pressure range, showing a great
separation selectivity of CO, vs. N,.

3.2.2. Adsorption isotherm model. The fitting of
isothermal adsorption experimental data with mathematical
models contributes to a better description of adsorption
behavior. In this work, the Langmuir, Freundlich, Temkin, and
dual-site Langmuir (DSL) isotherm models were used to analyze
the adsorption equilibrium data of pure CO, and N, on NOMCs.

The Langmuir isotherm model assumes the energetically
homogeneous adsorbent surface, and there is no interaction
between the adsorbed molecules, which is suitable for
describing monolayer adsorption.*® The Freundlich isotherm
model assumes that the surface coverage of adsorbent is
negatively correlated with the adsorption energy, leading to the
description of heterogeneous adsorption.”” The Temkin
isotherm model shows the faction related to the adsorbent-
adsorbate interaction, which assumes the adsorption heat of
adsorbed molecules in the layer reduced linearly.*® The DSL
isotherm model is extended from the single site Langmuir
model, which explicitly takes into account of the surface

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 CO, and N, adsorption isotherms of NOMC-L (a), NOMC-L-0.5 (b), and NOMC-L-1 (c) (points, experimental data; curves, DSL fitting

model) at 0 °C and 25 °C.

heterogeneity.*® Therefore, the assumption manifests as there
are two types of adsorption sites with different characteristic
energies at the adsorbent surface. The adsorption sites with
strongest energy are occupied first, followed by the occupation
of the weak ones.

The equations of the above isotherm models can be repre-
sented as eqn (1)-(4):

kup

=qn—— 1
ALY wray 1)
q=kep"" )
q = B In(kp) (3)

bip byp
=4m1 7 - m 4
4 qll+b1p+qzl+b2p ()

where ¢ is the equilibrium capture capacity (mmol g ); p is the
pressure (kPa); g,,, is the maximum capture capacity (mmol g~ *);
ky, is Langmuir constant (kPa™); kp (mmol g~ kPa~"") and n
are Freundlich constants; B and kr (mmol g~ ' kPa™') are
Temkin constants; g, ; is the maximum capture capacity of site i
(mmol g Y); b; is the affinity parameter of site i (kPa ).

Fig. S1f shows the accuracy comparison of Langmuir,
Freundlich, Temkin and DSL isotherm models fitting the
experimental data of pure CO, and N, adsorption on NOMCs at
0 °C and 25 °C. And the corresponding fitting parameters of the
isotherm models are listed in Tables S1, S2, S3 and S4,}
respectively.

The results indicated that compared with Langmuir,
Freundlich and Temkin model, DSL model showed the highest
accuracy in fitting all set of experimental data of pure CO, on
NOMCs at 0 °C and 25 °C, and revealed the highest correlation
coefficients (R*) over 0.9999. As for pure N,, the experimental
isotherm data were well fitted by Langmuir, Freundlich and DSL
models due to the linear shape of N, adsorption isotherms.*
Among them, the DSL model displays the highest R* value,
suggesting that the adsorption behavior of CO, and N, on
NOMC:s can be well described by DSL model. The nearly perfect
agreement of DSL model with all experimental isotherm data is
exhibited in Fig. 7.

As can be seen from the values of DSL model parameters in
Table S4,t the value of gy, and affinity constant b for CO, and N,

This journal is © The Royal Society of Chemistry 2020

decreases with the increment in adsorption temperature,
demonstrating an exothermic property of the adsorption
process.’® Moreover, all the adsorbents reveal a higher CO,
affinity over N, attributed to the higher ¢, and b of CO,
isotherm models. Among the two sites with different parame-
ters, site 1 with larger b value is regarded as strong free energy
site for the adsorption of CO, and N, while the weak free energy
site is site 2, indicating an energetical heterogeneity surface of
the NOMCs.

3.2.3. Isosteric heat of adsorption. The isosteric heat of
adsorption (Qg) is a thermodynamic assessment of the inter-
action between adsorbent and adsorbate, and also is a signifi-
cant parameter for evaluating the uniformity of adsorbent
surface. The Qg is usually calculated by adsorption isotherms of
CO, at different temperatures through the Clausius-Clapeyron
equation presented in eqn (5).*

o RT[ T2 ln(pz/pl)

= 5
= T G

where Qy, is the isosteric heats of adsorption (kJ mol "); T'is the
adsorption temperature (K); R is the gas constant (8.314 J K™*
mol™'); p; is the equilibrium pressure at 7; (kPa), which was
determined from the corresponding adsorption isotherm fitted
by DSL model at a given CO, capture capacity (0.25-2.0 mmol
g

As shown in Fig. 8, the value of Qg for NOMCs displays
a downward trend with the increasing capture capacity of CO,,
which is attributed to the surface heterogeneity. During the
adsorption process, CO, molecules preferentially adsorb on the
active adsorption sites, i.e. the basic nitrogen sites of NOMCs,
resulting in a high initial Qg; as the CO, loading increases, the
high-energy sites have been saturated, CO, can only react with
the weaker sites, resulting in the weakening of adsorbate-
adsorbent interaction and the reduction of Qg value. Besides,
the initial Q at low CO, loading (0.25 mmol g~ ') of NOMCs is
in the range of 18.2 to 30.3 k] mol ", which is similar to the
values reported for other nitrogen-doped carbon adsorbents
and much lower than the energy required to cut the CO,
chemical bonds (749 kJ mol '),>*** indicating that physical
adsorption is the main process between CO, and NOMCs.
Notedly, with the increasing nitrogen content of NOMCs, the
initial Qg increased gradually, and NOMC-L-1 shows the highest
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Qs value. The probable reason is that the nitrogen doping
process provides strong binding sites for CO, adsorption, which
enhances the interaction between adsorbents and CO, mole-
cule, and also demonstrates the significance of nitrogen-
containing groups in CO, absorption.*® Moreover, a higher Qs
value indicates a stronger interaction between CO, and adsor-
bent, which is conducive to CO, capture, while a lower Qg
facilitates regeneration of the adsorbent. Therefore, the
moderate Qg value of NOMCs with moderate Qg will be propi-
tious to the practical application.

3.2.4. Adsorption selectivity. In addition to a good capture
capability, a high selectivity is also an important property for
the application of highly efficient adsorbents in the field of CO,
capture. The adsorbent with high selectivity allows the CO,
component in the mixed gas to be almost completely captured,
with little interference from other coexisting gases during
adsorption, facilitating subsequent storage and reuse. However,
from a practical perspective, the adsorption experimental data
of mixed gases cannot be collected easily and rapidly. Fortu-
nately, the ideal adsorbed solution theory (IAST) proposes an
effective method for predicting the adsorption selectivity of
mixed gas from the pure component isotherms, which was first
proposed by Myers and Prausnitz and has been widely and
successfully used for gas adsorption of various adsorbents due
to its accuracy.*® The basic assumption of the IAST is that the
adsorbed solution is ideal under constant spreading pressure
and temperature, the adsorption equilibrium is considered
between adsorbed phase and gas phase, and all components in
the adsorbed phase presents unity activation coefficients.””~>®
Briefly, IAST theory is analogous to Raoult's law for vapor-liquid
equilibrium, and the basic equation is shown in eqn (6):

pyi = plm)x; (6)

where x; and y; are the mole fraction in the adsorbed phase and
gas phase; p and p{(m) are the equilibrium gas phase pressure
for sorption of the mixture and pure component i respectively,
under the same spreading pressure, 7. The spreading pressure
is given by the Gibbs adsorption isotherm as eqn (7):
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o[ 7)

RT o P
where A is the specific surface area of the adsorbent; R is the gas
constant (8.314 ] K mol'); T is the temperature (K); and g; is
the adsorption isotherm model in terms of pressure p for pure
component i.
At a constant temperature, 7 is identical for all the compo-
nents in the mixture, the IAST requires

o P 0 ®)

The restraint condition for the mole fraction in adsorbed
phase and gas phase of all components in mixture are presented

as eqn (9):
ZX,‘ = Zy, =1 (9)

i
Adsorption selectivity of component i over component j in
the mixture S;; is defined by eqn (10):

_ Xi/x;

B )/i/y/

Siyj (10)

For the accuracy of the selectivity of multi-component
systems predicted by IAST theory, it is necessary to use an
isothermal adsorption model that can precisely fit the pure
component adsorption data. As previously known, the DSL
model can successfully fit the experimental data of CO, and N,
adsorption for full range of pressure (0-100 kPa). Thus, with the
combination of DSL model and IAST, the CO,/N, adsorption
selectivity on NOMCs was calculated for the mixed gas
including CO, and N,, which is the main binary system in the
flue gas of thermal power plants, at 25 °C with 15% CO, (typical
composition of flue gas), and the corresponding results are
presented in Fig. 9.

The results indicate that the selectivities of CO,/N, on three
NOMCs displayed a growing trend with the increase of pressure.
The situation could be the result of a stronger interaction of
NOMCs with CO, than that of N,. As pressure increases, the
capture capacity of CO, on the sample is significantly enhanced,
while the increment of N, does not change obviously, leading to
an increasing CO,/N, selectivity. Moreover, the samples with
high nitrogen content can significantly improve the selectivity
of CO,/N,. For instance, at 25 °C and 100 kPa, the CO,/N,
selectivity of NOMC-L-0.5 and NOMC-L-1 reached up to 43.2 and
52.7 respectively, which is 34% and 64% higher than that of
NOMC-L. Such high CO,/N, selectivity is better than or
comparable with those achieved by the nitrogen-enriched
microporous carbonaceous sorbents produced by biomass
carbonization and chemical activation,®*-** though NOMCs have
relatively low CO, capture capacities.

The highest selectivity appears in NOMC-L-1, however, the
capture capacity of CO, on NOMC-L-0.5 with submaximal selec-
tivity was superior, which is suggested that in order to obtain

This journal is © The Royal Society of Chemistry 2020
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a sample with both high selectivity and large CO, capture
capacity, it may be necessary to balance the relationship between
the nitrogen content and the mesostructure of samples.

3.2.5. Cyclic adsorption performance. Regenerability and
stability are critical factors in assessing the potential industrial
applications of adsorbent. Five cycles of CO, adsorption/
desorption test on the absorbent NOMC-L-0.5 were conducted
at 25 °C. As shown in Fig. 10, the capture capacity of CO, displays
no obvious decrease after five consecutive cycles, and the
desorption efficiency of CO, remains as high as 98%. The results
indicated that the CO, adsorption is reversible and NOMC-L-0.5
exhibits highly stable and recyclable nature, suggesting a great
feasibility in practical applications of CO, capture.

4. Conclusions

In summary, a series of nitrogen-doped ordered mesoporous

carbons (NOMCs) were successfully prepared without

This journal is © The Royal Society of Chemistry 2020
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prepolymerization through a single-step hydrothermal self-
assembly in the presence of Pluronic F127 as soft template
and basic r-lysine as polymerization catalyst and mesostructure
assembly promoter. In addition to the partial nitrogen provided
by r-lysine, it is possible to introduce more nitrogen while
selecting the high-nitrogen-content 3-aminophenol as carbon
source. The results showed NOMCs exhibited large surface area,
uniform pore size, highly ordered mesostructure (P6mm), and
high surface nitrogen content (1.1-3.6 at%). As 3-aminophenol
dosage rose, the nitrogen content of NOMCs gradually
increased, whereas excessive 3-aminophenol could lead to the
degradation of mesostructure. NOMC-L-0.5 with moderate
nitrogen content displayed the highest CO, capture capacity
(3.32 mmol g at 0 °C and 2.50 mmol g~ at 25 °C at 100 kPa),
which can be ascribed to the fact that both nitrogen content and
mesostructure played essential roles in excellent CO, adsorp-
tion performance under discussed condition. The DSL model
was used to predict pure component isotherm data in the tested
temperature and pressure ranges and exhibited considerable
accuracy. In addition, IAST-predicted CO, selectivity over N, of
NOMC-L-0.5 showed a high value of 43.2 for CO,/N, mixtures
(15 : 85, similar to flue gas composition) at 25 °C and 100 kPa.
The adsorbent also exhibits excellent regenerability and
stability in the cyclic CO, adsorption/desorption test. Overall,
the proposed NOMC-L-0.5 can be regarded as an efficiently
potential adsorbent for the application of CO, removal industry.
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