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ABSTRACT

The incorporation of heteroatoms improves CO, adsorption on carbon-based materials, but it can also
provide some hydrophilic character to the bare-carbon frameworks, making the hypothesis of compet-
itive CO,/H,0 adsorption not negligible. In this respect, the CO, capture is here evaluated through a deep
characterization of the sorption properties of N-rich ordered mesoporous carbons under dry and
moisture conditions, and in CO,/N; gas mixtures. The nanocasting strategy is used to obtain N-rich CMK-
3-type carbons in one pot by impregnating D-glucosamine hydrochloride, a carbon/nitrogen source, into
an SBA-15 silica template followed by pyrolysis treatment at 600, 750, and 900 °C. The fine-tuning of the
pyrolysis treatment aims to find the right proportion of micropores and N content, which are important
features for selective CO, adsorption. The highest surface amount of N (11.3 at.%), in particular of the
pyridinic type, enhances the CO,/N; selectivity (1.03 mmol/g of adsorbed CO, from a 20% CO; in N3), but
also the undesired increment in the H,O uptake. CO, uptake under competitive CO,/H,0 conditions is
better preserved with 8.3 at.% of surface nitrogen (1.55, 1.52, 0.61, and 0.89 mmol/g of CO, at a relative
humidity of 0, 25, 50, and 75%, respectively). Interestingly, the N-CMK-3 materials retain their capture
properties over repetitive adsorption-desorption cycles in pure CO». In this respect, a TGA-FTIR study is
performed to monitor the reusability of the sorbents after CO, capture from moist flue gases to assess the
effectiveness of the reactivation procedure towards the removal of the adsorbed species.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

2011—2020 compared to pre-industrial times [1]. Unfortunately,
this trend is expected to constantly grow, aggravated by the

Anthropogenic greenhouse gas (GHG) emissions are the main
reason for the climate change phenomena that Earth is experi-
encing nowadays. GHG effect already caused an increase of 1.09 °C
(0.95—1.20) of the global surface average temperature in the period
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expansion of human needs consequent to the increase of the world
population, unless strict measures are urgently adopted. Hence,
new regulations have been recently introduced to guide the
necessary climate actions, since the international agreement in
Paris in 2015 to commit the 196 involved countries to keep the
average increase in the global temperature well below 2 °C, pref-
erentially below 1.5 °C, with respect to pre-industrial levels [3].
These targets have been renewed during COP26, which took place
in Glasgow in 2021. The new targets include also the drastic
reduction of emissions by 2030, aiming to reach net-zero emissions
by the middle of the century.

Currently, the attention is meanly directed toward CO,, which
among the GHGs plays the main role in the alteration of the energy
balance of the Earth-atmosphere system. Nowadays, Carbon Cap-
ture and Storage (CCS) technologies represent a robust strategy for
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tackling CO, sequestration, and post-combustion capture has the
advantage of being easily retrofitted in existing plants. At present,
solvent-based CO, absorption by aqueous amine solutions is the
most mature technology [4,5]. However, amine scrubbing pro-
cesses are affected by some drawbacks. Particularly, amine degra-
dation generates products that are corrosive to the equipment and
toxic to human beings and the environment [6]. Moreover, the
energy penalty due to amine-based sorbents regeneration hampers
the extensive implementation of this technology [7,8]. Carbon
capture strategies based on the adsorption process using porous
materials are attractive due to reducing the energy consumption on
sorbents regeneration and also overcoming the issues related to
corrosion and toxicity [7,9]. Zeolite [ 10], metal-organic frameworks
(MOFs) [11], amino-functionalized porous silicas [12], and carbon-
based materials [ 13] are among the most exploited sorbents for CO;
capture. An interesting analysis regarding the technical-economic
aspects of post-combustion CO; capture was carried out by Sub-
raveti et al, who investigated the main attributes of an ideal
adsorbent and compared it with monoethanolamine-based absor-
bents, reveling that an optimized adsorption process has the po-
tential to be more convenient than absorption, not only from an
energetic but also from an economic point of view [14].

The typical composition of post-combustion flue gases is approx-
imatively 73—77% N3, 15—16% CO,, 5—7% H,0 and 3—4% O in coal-
fired power plants [15] and 67—72% N, 8—10% CO,, 18—20% H,0
and 2—3% O, in natural gas-fired power plants [16]. The separation of
CO; from a mixture containing N and H,O vapor requires the devel-
opment of adsorbents with characteristics such as high selectivity for
CO; capture and robustness in humid environments [17]. Generally,
the effect of the presence of water vapor in flue gas mixtures has to be
carefully taken into consideration, since most sorbents based on silica
[18], zeolites [9,19,20],and MOFs [21], undergo a reduction in their CO,
capture performances, due to structural instability under humid
conditions and/or competitive adsorption caused by their strong af-
finity for H,O. In this case, a pre-condensation of water was recom-
mended by Ben-Mansour and coworkers [22], who investigated the
CO adsorption by a MOF sorbent from dry and humid CO,/N; mix-
tures through both numerical simulations analysis and lab experi-
ments. On the contrary, CO, adsorption by amine-functionalized
carbon sorbents benefits from the presence of a proper amount of
water, as demonstrated by Lourenco et al. [23] and Wu et al. [24]. For
these kinds of sorbents, it is believed that water plays a crucial role in
the formation of carbamate ions by the reaction of CO, molecules with
the amine groups of the sorbents [25]. Moreover, the formed carba-
mate ion or the amino group itself can subsequently react with CO,
and H,0 molecules to form bicarbonate ions [26].

Many recent works addressed the problem of the preservation
of good CO, adsorption performances from wet flue gases by water-
sensitive sorbents like MOFs [22,27—32] and zeolites [33,34]. On
the contrary, the problem of water presence in post-combustion
flue gases is usually considered less crucial for carbon materials,
due to their intrinsic hydrophobic nature and remarkable tolerance
toward moisture [35]. However, the absence of polar groups in
hydrophobic carbons limits the efficiency of selective CO, removal
in real flue gas mixtures [9]. Hence, O and N are often introduced
into the bare-carbon frameworks to enhance the affinity for CO5,
increasing at the same time the surface polarity and providing
some hydrophilic character to the carbon surface [36], interacting
with water via hydrogen bonding [37,38].

In this work, the influence of water contamination on the se-
lective CO, capture from simulated post-combustion flue gases by
nitrogen-doped carbonaceous adsorbents was investigated. Sor-
bents with a high affinity toward CO, were prepared through a
direct route that avoids post-synthesis functionalization methods.
Hence, a nanocasting synthesis procedure was here employed as a
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handy and affordable method for the preparation of mesoporous
carbons with well-defined porous characteristics. Precisely, SBA-15
ordered mesoporous silica was used as a hard template and D-
glucosamine (an abundant component in biomass residues) was
chosen as a sustainable, concurrent carbon/nitrogen (C/N) source, to
produce CMK-3-type N-containing ordered mesoporous carbons
(named, NOMGs). The adsorption performances of the adsorbents
were studied, focusing firstly on the evaluation of single component
CO; and H;0 adsorption, and subsequently, on the evaluation of the
selective CO, capture from dry (CO,/N; = 20/80 v/v) and wet (CO,/
H>O0, a relative humidity (RH) ranging from 0 to 75%) simulated flue
gas mixtures, respectively. Finally, the reusability of the sorbents was
also considered to provide a thorough evaluation of the potential
applicability of the synthesized materials in industrial applications.

2. Experimental
2.1. Synthesis

The SBA-15 silica hard template was synthesized following the
procedure described by Guillet-Nicolas et al. [39]. Precisely, 8 g of
poly(ethylene glycol)-block-poly(propylene  glycol)-block-poly(-
ethylene glycol) (EO29PO70EO2g, P123, Sigma-Aldrich MW~5800)
was dissolved at 35 °C in 150 mL of 0.3 M hydrochloric acid (HCI,
VWR, 37%) aqueous solution. When P123 was completely dissolved,
13 g of tetraethyl orthosilicate (TEOS, Sigma-Aldrich 98%) was added
to the mixture and let stir at the same temperature. After 24 h, the
mixture was hydrothermally treated at 100 °C for 48 h under static
conditions. The hot solution was filtered and dried in an oven at 140
°C. P123 was removed by solvent extraction in ethanol/HCl solution
(CyHgO, EtOH, Brenntag, 96%) and then by calcination at 550 °C. The
nitrogen-containing N-CMK-3-type carbons were prepared
following the procedure described in our recent work [40]. Briefly,
the SBA-15 silica template (degassed overnight at 150 °C under
vacuum) was impregnated with an aqueous solution of D-glucos-
amine hydrochloride (CsH13NOs-HCI, Alfa Aesar, >98%) and sulfuric
acid (H,S04, VWR, 95%) using a two steps procedure. Precisely, for 1 g
of SBA-15,1.58 g of D-glucosamine hydrochloride, 0.097 mL of H,SO4,
and 6 g of deionized water were impregnated in the first step, while in
the second step, 0.96 g of D-glucosamine hydrochloride, 0.06 mL of
H,S04 and 3.66 g of H,0 were used. The slurry was stirred for 1 h at
room temperature until a homogeneous gel-like consistency was
obtained and then thermally treated in a calcination furnace at 100 °C
for 6 h, 140 °C for 2 h, and 160 °C for 6 h (heating rate 150 °C/min)
during the first impregnation, and at 100 °C for 6 h, and 140°Cfor 2 h
during the second impregnation step. The resulting powders were
moved into a quartz reactor with a capillary cap design [41,42] and
pyrolyzed at 600, 750, or 900 °C (heating rate 3 °C/min) for 4 h in a
calcination furnace in the air under atmospheric pressure. The two
intermediate steps at 200 °C for 6 h and at 655 °C for 4 h (except for
the sample pyrolyzed at 600 °C) were introduced before reaching the
final pyrolysis temperature (Tp). The silica removal step was made by
dissolving the silica in a 2 M sodium hydroxide (NaOH, 98%, flakes)
water/ethanol solution (HO:ethanol = 1:1, v/v) at room temperature
and overnight. This step was repeated more than two times. The
samples underwent several repetitive washing steps in water and
ethanol and were finally dried overnight at 70 °C. The obtained ma-
terials had been denominated N-CMK-3_X, where X is the pyrolysis
temperature (i.e., 600, 750, or 900 °C).

2.2. Characterization
The experimental methodology adopted to characterize the

synthesized samples is described in detail in the Supporting In-
formation (SI) and summarized in Table 1.
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Table 1
Summary of the experimental methodology adopted to characterize the synthesized
samples.

Technique Equipment Characterization details
LAXRD* EMPYREAN Transmission mode;
diffractometer + Cu Ky radiation (A =
PIXcel3D detector 0.154 nm);
(Malvern PANalytical, = Operating voltage: 45.0
United Kingdom) kV; Tube current: 40.0
mA;
20 step size: 0.013°;
data time per step: 50 s.
TEMP/STEM® Tecnai G? F20 S-twin Acceleration voltage:

microscope (FEI 200 kV;
Technologies Inc., USA) Sample dispersed in
+ BFY/HAADF® high purity ethanol and
detectors drop-casted onto lacey-
carbon Cu TEM grids.
Degassing in vacuum:
12 h, 150 (silica) or 300
°C (carbons);
Models: BET¢, NLDFT"
(silica, cylindrical
pores) or QSDFT!
(carbon, cylindrical
pores).
1) T = 0°C, degassing in
vacuum: 12 h, 300 °C;
Models: NLDFT
(carbon);
2)T=0°C, degassing in
vacuum: 12 h, 300 °C;
Virial isotherm model
3)T=-10,0, 10 °C;
degassing in vacuum:
12 h, 300 °C;
Clausius-Clapeyron
equation.
XPS! PHI 5000 VersaProbe Al Ko, radiation (1486.6
(Physical Electronics, eV);
Minnesota, USA) + Pass energy: 187.75 eV
OriginPro 2020 (survey spectrum), and
software (OriginLab 23.5 eV (HR™ spectra);
Corporation, USA) X-ray beam diameter:
100 pm.
HR™ spectra fit with
Gaussian functions and
background subtraction
with a spline.
T=35°C,p=1bar;
Activation in N5: 300 °C,
30 min (10 °C/min);
Gas mixture: CO,/Ny =

N, sorption @—196 °C: SSA" 1Q2 instrument +
and mesoporosity AsiQwin 5.2 software
(Anton Paar
QuantaTech Inc., USA)

CO; sorption: 1Q2 instrument +

1) microporosity AsiQwin 5.2 software
2) Ky (Anton Paar

3) 4H *,4s.c02 QuantaTech Inc., USA)

TGA"-CO;/N; selectivity TG 209 F1 Libra

20/80 v/v.
Adsorption-desorption Dynamic Vapor Activation in vacuum:
4) CO, Sorption (DVS) 300 °C, 30 min;
5) H20 (4Hads® y120) instrument (Surface Equilibrium criterion:
6) CO,/H,0 Measurement System,  dm/dt = 0.002% min~"
7) Cyclic CO, United Kingdom) 4)T =30 °C, p = 90%*
PPcoasar;
5)T =30-60°C, p =
90%*pi20sat.T;

6)T=30°C,p=0
—90%*p“nz0sa, RH': O
—75%.

7)T =30°C, p = 20%*
PPconsat.
Regeneration in a
vacuum: 150 °C
Activation in vacuum:
300 °C;

Model: NLDFT"
(cylindrical pores)

T = 25-800 °C, 20 °C/
min, N, flow;
Activation in N,: 300 °C,

(continued on next page)

N, sorption @—196 °C 3Flex equipment
(reusability assessment) (Micromeritics
Instrument
Corporation, USA)
TG 209 F1 Libra +
Bruker Tensor Il
equipped with IR gas

TGA-FTIR® spectroscopy

Materials Today Sustainability 21 (2023) 100270

Table 1 (continued )

Technique Equipment Characterization details
cell + FT-IR® Coupling 30 min (10 °C/min);
Systems (Netzsch, IR spectra of the
Germany) evolved gases sampled

at 3 °C intervals

2 LAXRD: low-angle X-ray diffraction.

b TEM: transmission electron microscopy.

¢ STEM: scanning transmission electron microscopy.

4 BF: bright-field.

¢ HAADF: high-angle annular dark-field.

f SSA: specific surface area.

& BET: Brunauer-Emmett-Teller.

" NLDFT: non-local density functional theory.

? QSDFT: quenched solid density functional theory.

j

Ku: Henry's law constant.

AHads ¢oy: isosteric enthalpy of CO, adsorption.
XPS: X-ray photoelectron spectroscopy.

HR: high resolution.

TGA: thermogravimetric analysis.

AHads yy50: isosteric enthalpy of H,0 adsorption.
Pcozsatt: CO2 saturation pressure at T.

Pu20sat.T: H2O saturation pressure at T.

RH: relative humidity.

FTIR: Fourier transform infrared.

w = o v o 5 3 -

3. Results and discussion
3.1. Textural properties

The textural properties of the N-CMK-3_X materials were
determined by analyzing the samples by LAXRD, TEM, and N,
physisorption. Fig. S3b presents the LAXRD patterns of the N-CMK-
3_X carbon replicas, that seem to possess a similar arrangement of
the pores (p6mm hexagonal symmetry) [43] to the parent SBA-15
silica template (Fig. S3a). The parent silica shows the typical three
well-resolved peaks indexed as (100), (110), and (200) planes, while
the N-CMK-3_X replicas only display the (100) reflection. Note-
worthy, the increase of the T, above 750 °C improved the pore
organization. The XRD unit cell size a;gg was calculated from the
(100) reflection using the expression a;gg = % d100 [44], where the

interplanar spacing d1go was calculated using Bragg's law. The high-
temperature treatment causes shrinkage of the mesostructure in a
higher magnitude as long as T, increases [45,46], as observed by the
reduction of the interplanar d-spacing and, consequently, of the
unit cell size (Table 2). The periodic alignment of the channel-like
pores, according to the typical arrangement of N-CMK-3-type ma-
terials, is also evident from the TEM/STEM images shown in Fig. 1
and Fig S4, which were obtained using different objectives aper-
tures to optimize the image contrast.

The N, adsorption-desorption isotherms (at —196 °C) are type
IVa isotherms, which are typically observed for (ordered) meso-
porous materials (Figs. S5a—b and Fig. 2a), with some character of
type I, for all the samples [47]. At a relative pressure (p/po) within
the range of 0.4—0.9, capillary condensation inside mesopores
occurred, while a further increase of the adsorbed volume at p/pg >
0.9 can be ascribed to adsorption in larger-sized interparticle voids
[48]. The QSDFT model was selected to calculate the specific surface
area and the mesopore size distribution of the N-CMK-3_X samples,
as it fits well the experimental data (Fig. S6, SM).

Although the Rouquerol criteria partially helped in over-
coming the complexity of determining the linear range of relative
pressure where BET is applicable, BET surface area calculated
with isotherms obtained on microporous materials does not
represent the real probe accessible surface, but only an apparent
surface area [49]. On the contrary, in our case, the surface area
and porosity parameters calculated with the QSDFT method are
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Table 2
Physicochemical properties of the N-CMK-3 samples.
a100° SBET m2/g SDFI‘b mZ/g Vph CmB/g pr nm VumpC CmB/g VmpC CmB/g DmpC nm
nm
SBA-15 11.9 719 598 1.0 8.8 — — —
N-CMK-3_600 10.2 605 672 0.4 4.1 0.12 0.16 0.5; 0.8
N-CMK-3_750 9.2 656 921 0.6 4.4 0.12 0.19 0.5; 0.8
N-CMK-3_900 9.2 667 818 0.5 4.5 0.14 0.23 0.5; 0.8
@ Unit cell size (a;gg) calculated using the expression ajgg = %‘dmo

b Specific surface area (Sprr), pore volume (Vp), and pore width
applied to N, isotherms at —196 °C.

Dy) in the mesoporous range, calculated by NLDFT and QSDFT methods for silica and carbons, respectively,

¢ Ultramicropore volume (Vymp), micropore volume (V,p), and pore width (Dp,p) of N-CMK-3 samples in the microporous range, calculated by the NLDFT method, applied to

CO, isotherms at 0 °C.

considered more reliable, by taking into account not only the
geometry of the pores but also the solid-fluid interaction and
surface roughness [49—52]. The mesopore size distribution (PSD)
is narrow and centered approximately at 4.5 nm (see inset in Fig.
2a) for the samples N-CMK-3_750 and N-CMK-3_900. Conversely,
the sample N-CMK-3_600 shows lower specific surface area and
pore volume and a less narrow pore size distribution in com-
parison to the other samples of the series, in line with the lower
quality XRD pattern and TEM image. According to the findings of
Zhang et al. [53], the slight collapse of the ordered mesoporous
architecture could occur during the drying step in the synthesis
procedure of the N-CMK-3_600 sample, which contains a higher
surface concentration of heteroatoms (see Paragraph 3.2),
therefore presents a higher hydrophilic character in comparison
to the other samples of the N-CMK-3 series. The micro- and
ultramicroporosity were specifically analyzed via CO, adsorption
isotherms at 0 °C (Fig. 2b). CO, was chosen as the preferred gas
probe to benefit from the smaller kinetics diameter and the
higher absolute temperature and pressure of analysis than N
sorption at cryogenic temperature. Hence, both the gas probe
diffusion and accessibility in the very narrow pores (Dp < 0.4 nm)
increased, as already demonstrated in the literature [47,48,54].
From the observation of Fig. 2b, it is possible to see the presence
of microporosity in N-CMK-3 samples, consisting of two pop-
ulations of micro- and ultramicropores, with the maximum of the
populations found at 0.8 and 0.5 nm, respectively. The physico-
chemical parameters derived from N, and CO; sorption analysis
are summarized in Table 2.

3.2. Physicochemical properties

The CMK-3-type NOMCs samples are mainly constituted by C
(78.9, 79.1, and 83.4 at.%), O (8.4, 8.9, and 9.4 at.%), and N (11.3, 8.3,

and 4.4 at. %) elements, for N-CMK-3_600, N-CMK-3_750 and N-
CMK-3_900, respectively, as derived from the XPS survey spectra in
Fig. S7. The increment of T, leads to the increase of the surface C
relative amount as a consequence of the loss of heteroatoms [55].
Therefore, the highest surface atomic concentration of N was found
in the sample N-CMK-3_600. Residual amounts of Na (<2 at%), S
(<0.5 at.%) and Si (<0.7 at.%) were observed in all samples. Both Na
and S are derived from the synthesis procedures, while the latter is
related to the remaining silica hard template, which is anyhow
negligible, thus confirming the successful removal of the template.
The adventitious contaminations of S and Na might both positively
contribute to CO; capture, since S-doping is another strategy pro-
posed in the literature to enhance the efficiency of the process
[56—59] and a recent theoretical study envisaged the same effect
on carbon models with a high loading of alkali metals (around 10
at.%) [60]. Since in our case the amount of S and Na inclusions is
very low and randomly distributed in the series of samples, we can
safely neglect their contribution with respect to the more abundant
and properly modulated incorporation of N-species. High-
resolution (HR) acquisitions were performed in Cl1s, N1s, and O1s
regions to investigate the chemical bonding state of the most
relevant elements. From Cls core level peaks, we were able to
observe three different carbon species (see Figs. S8a, S9a, and S10a
in SM) assigned to C—C sp®> (284.3—284.8 eV), CO/C—N
(285.9—286.5 eV), and C=0/C=N (286.5—287.6 eV) [61,62]. Oxygen
signals (see Figs. S8c, S9¢, and S10c in SM) were fitted by using
three components assigned to C=0 (~ 531 eV),C—0 (~ 533 eV), and
COOH (~ 534 eV) [62], while the deconvolution of the N1s peak of
NOMOCs revealed three components assigned to pyridinic (C=N—C,
N-6, 397.7—398.9 eV), pyrrolic (C—NH—C, N-5, 399.9—400.7 eV),
and graphitic (C—NH—C, N-Q, 401.0—401.8 eV) nitrogen-based
structures (Figures S8b, S9b and S10b in SM) [61]. The relative
percentages of each component were calculated from the fitted

Fig. 1. TEM micrographs of (a) N-CMK-3_600, (b) N-CMK-3_750, (c) N-CMK-3_900 samples.
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Fig. 2. (a) N, adsorption-desorption isotherms at —196 °C and in the inset the QSDFT pore size distribution in the mesoporous range of NOMC samples, i.e., N-CMK-3_600, N-CMK-
3_750, and N-CMK-3_900 (pink, cyan, and black profiles, respectively), and (b) CO, adsorption-desorption isotherms at 0 °C and in the inset the NLDFT pore size distribution in the
microporous range of NOMC samples, i.e., N-CMK-3_600, N-CMK-3_750, and N-CMK-3_900 (pink, cyan, and black profiles, respectively).

peak areas quantified by the deconvolution of the HR-XPS signals in
the Cl1s, N1s, and O1ls regions. The summary of the quantities
derived from the XPS analysis is reported in Table 3.

It is possible to observe that the graphitization degree of the N-
CMK-3_X samples increases with the rise of the temperature,
observed by the increase of the C—C sp? and C=X relative contents.
The evolution of nitrogen-containing moieties is related to their
different thermal stability. The fraction of N-6 and N-5 decreases
with the increase of T, from 600 to 900 °C because they are both
transformed into N-Q in the pyrolysis temperature range of
600—800 °C [63]. Accordingly, N-Q is detected in a higher con-
centration in the sample pyrolyzed at 900 °C. The O-functionalities
are less sensitive to the thermal treatment; indeed, their relative
percentage was found to be approximately unmodified in all the N-
CMK-3 samples under study.

3.3. Pure CO, adsorption measurements

The isosteric enthalpy of CO, adsorption (—4Hadsco2) as a
function of the surface coverage (i.e., CO, adsorbed amount in
mmol/g), is shown in Fig. 3b.—4H,4sco2 Was calculated for the
N-CMK-3-type samples from the adsorption branches of the CO,
isotherms obtained at —10, 0, and 10 °C in Fig. S11 using the
Clausius-Clapeyron approach. The main contribution to —4Hads,co2
at low coverage is given by the occupation of the adsorption sites
associated with a stronger affinity for CO, [64]. At higher surface
loadings, —4H,gs,co2 decreases as a function of the coverage and
stabilizes roughly to the heat of liquefaction of CO», i.e., approxi-
mately 17 k]/mol in the considered temperature range, because at
this point the system is approaching the pore filling regime, where
adsorbate-adsorbate interactions govern the mechanism of
adsorption [65]. The values of —A4H,gscoz calculated for the N-
CMK-3 samples synthesized in this work lay in the range of 30—38
kJ/mol, which is attributable to a physisorption mechanism (from
25 to 50 kJ/mol) [66]. The values of —AHa4sco2 stay within an
optimal energetic range (30—50 kJ/mol) for achieving concurrently
efficient adsorption and easy regeneration [7,67]. Henry's constant
(Ky) and the virial coefficients C; e C; were also calculated from
the CO; isotherms at 0 °C (Fig. S12) and listed in Table S1 in SM. Ky
values follow the inverse trend of the pyrolysis temperature as a
consequence of the loss of heteroatoms during the high-

temperature heat treatment, as was already observed in our pre-
vious work [40].

N-CMK-3_600 material better performed in the pure CO,
adsorption (precisely 7.3 wt%, i.e., 1.66 mmol/g of adsorbed CO;) at
30 °C (Fig. 3a). This result is associated with the highest value of
Ky (Table S1), which in turn derives from the high amount of N
species, especially of the pyridinic type, present in the sample.
Conversely, the N-CMK-3_900 sample provided the lowest CO;
adsorption at 30 °C, equal to 3.7 wt%, i.e.,, 0.83 mmol/g. The pure
CO; uptake in the N-CMK-3_900 sample is mainly ascribed to the
microporosity, due to the lower contribution derived from the
surface N content. Indeed, the positive effect of micro- and
ultramicroporosity on the uptake undergoes a more pronounced
reduction than surface chemistry by increasing the test tempera-
ture [68]. Conversely, this difference is less pronounced in the
samples pyrolyzed at lower temperatures, both for the already
mentioned N-CMK-3_600 and also the N-CMK-3_750, which
showed intermediate performances (6.8 wt%, i.e., 1.55 mmol/g of
adsorbed CO,). This behavior further confirms that N species play
a beneficial role in the CO, uptake, especially at temperatures
close to ambient temperature [69].

3.4. Reusability assessment by multiple CO, adsorption-desorption
cycles

Ten cycles of adsorption-desorption were performed on N-CMK-
3 samples to assess the reusability of the sorbents (Fig. 4). The
samples under study showed good reproducibility upon repetitive
use under pure CO, adsorption measurements at 30 °C and at 20
kPa (0.2 bar). The regeneration of the sorbents was carried out by
heating up to 150 °C between consecutive cycles (TSA process). The
highest efficiency loss (up to ca. 10 and 16% for N-CMK-3_600 and
N-CMK-3_900 samples, respectively) occurred between the first
and the second cycle. For both samples, a certain amount of CO;
cannot be desorbed during the regeneration step at 150 °C, likely
because the adsorbate is strongly bonded to the high-energy N-
sites in the case of N-CMK-3_600, or trapped in the micropores as
for the N-CMK-3_900. After the second cycle, all the N-CMK-3
studied samples proved to be stable and the adsorbed amount was
almost unvaried. This evidence demonstrated that the sorbents can
be reused in multiple adsorption/desorption cycles from dry flue
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Table 3
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Summary of the XPS analysis on the survey and high-resolution spectra of the C1s, N1s, and O1s region for the N-CMK-3 samples.

Sample name Peak Amount? at.% Binding energy eV Assignment Fitted peak area counts s~! Fitted peak area® (%)
N-CMK-3_600 Cls 78.9 284.7 c-C 2835.0 +9.3 69.83
285.8 C—-0/C—N 939.2 + 10.1 23.13
287.1 C=0/C=N 285.6 + 10.7 7.04
Nis 113 3984 C=N-C 4429 + 5.6 46.12
400.4 C—NH—-C 4544 + 8.2 47.30
401.3 C—-NC-C 63.2 +83 6.58
Ols 8.4 530.9 Cc=0 698.3 + 333 48.70
532.5 Cc-0 5604 + 22.0 39.08
533.5 COOH 1752 £ 131 12.22
N-CMK-3_750 Cls 791 284.8 c-C 4813.3 + 14.0 71.67
285.9 C—-0/C—N 11569 + 16.6 17.23
286.6 C=0/C=N 745.7 + 17.9 11.10
N1s 83 398.4 C=N-C 4773 + 8.7 39.00
400.3 C—NH-C 335.8 + 19.1 27.44
401.1 C—NC-C 410.8 + 14.6 33.56
Ols 8.9 530.9 c=0 7949 + 8.8 48.30
532.5 Cc-0 5864 + 11.6 35.64
533.5 COOH 2643 +12.7 16.06
N-CMK-3_900 Cls 834 284.8 c-C 4860.8 + 11.0 70.68
286.2 C—0/C—N 12028 + 11.9 17.49
287.6 C=0/C=N 813.1 + 16.0 11.83
Nis 4.4 398.5 C=N-C 248.5 + 6.5 35.94
399.9 C—NH-C 1152 + 86 16.66
401.1 C—NC-C 327.7 + 286 47.40
Ols 9.4 5309 Cc=0 616.2 + 7.9 46.72
532.5 c-0 5271+ 124 39.98
533.5 COOH 1754+ 114 13.30

@ Derived from the XPS survey scan.

b The percent fitted peak area is here considered as an indication of the relative amount of each species in the sample.

gases without losing their performances and, in addition, be
satisfactorily regenerated under mild conditions.

3.5. COy/N, adsorption measurements

TGA measurements were performed at 35 °C and 1 bar exposing
the samples to a mixture that simulates a typical exhaust gas (20
vol% CO, and 80 vol% of Ny) [70], to evaluate the competitive
adsorption of these two gases (Fig. 5). N-CMK-3_600 sample ach-
ieved an improved selectivity in CO,/N, mixture, measured as a
4.52 wt’% weight increase (1.03 mmol/g). Indeed, the N-CMK-3_600
sample benefits from the higher surface N content and, particularly,
the superior concentration of pyridinic-N inclusions, which
allowed for enhanced CO, uptake in comparison to the N-CMK-
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3_750 and N-CMK-3_900 samples, which achieved 4.36 wt% (0.99
mmol/g) and 3.69 wt% (0.84 mmol/g), respectively. Similarly to
what was observed for the pure CO, adsorption measurement, the
increase of the pyrolysis temperature promotes a decrease in the
selectivity towards CO5 in the N»/CO, separation process, which can
be associated with the lower quantity of N-6 species in the mate-
rials pyrolyzed at higher temperature (cf. XPS quantification in
Table 3). Indeed, pyridinic-N inclusions are considered to provide
the strongest contribution to CO; adsorption among the other types
of N-containing functional groups, thanks to the strong basicity,
derived from the lone pair electrons of the N atom which estab-
lishes a Lewis acid-base interaction with the electron-deficient
carbon atom of the CO, molecule [40,71,72]. Moreover, the work
of Lin et al. [73] also demonstrated the highest difference between
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Fig. 3. Pure CO, adsorption-desorption isotherms measured at 30 °C up to 90 kPa with a gravimetric sorption analyzer (see Fig. S2a in SM), (b) isosteric enthalpy of CO, adsorption
calculated in the temperature range between —10 and 10 °C vs. the CO, adsorbed for the N-CMK-3 samples under study. The green dashed line describes the heat of liquefaction of

CO, in the temperature range considered.
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CO3 and N, adsorption energies for the pyridinic group compared
to several analyzed N-functionalities, including pyrrolic and qua-
ternary N, thus resulting in improved CO;/N; selectivity [73]. The
regenerability of the sorbents was also considered by the quanti-
fication of the percentage of released CO, in PSA conditions. As for
the PSA approach, the promotion of the desorption of CO; by simply
applying a flow of N, is more convenient from an energetic point of
view than the TSA condition effectively applied in Paragraph 3.4. It
is interesting to observe in Fig. 5a that almost the overall amount of
the adsorbed CO; is released in PSA conditions (—2.90, —2.68, and
—2.55 for N-CMK-3_600, N-CMK-3_750 and N-CMK-3_900,
respectively). Then, heating was applied to remove the strongly
bounded CO,. At T < 150 °C, most of the adsorbed CO, is released.
Also under these conditions, the adsorption capacity and selectivity
results are consistent with the trend of the calculated Ky values (see
Fig. 5b and Table S1 in SM).

3.6. H,0 adsorption measurements

Single component H,O adsorption isotherms were performed at
30 °C to compare this result with CO, adsorption (Fig. 6a). It is

CO, adsorption
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worth taking into consideration that owing to the relatively un-
stable H,O adsorption observed by the as-synthesized samples,
which revealed their poor hydrophilic character, the isotherms
reported in Fig. 6a are obtained after previous H,O adsorption
measurements at 30 °C. As a result, the carbon-based adsorbents
display an increased affinity to water after a previous adsorption of
water, as shown in Fig. S13, in agreement with the mechanism of
adsorption governed by cluster formation hypothesized by Hori-
kawa et al. [74]. In detail, the H,O vapor adsorption-desorption
curves in Fig. 6 and S14 present a sort of type IV isotherm (IUPAC
denomination) [47], characterized by Type I character at very low
partial pressure [36], indicative of an onset of water adsorption at
very low pressure. A change in the concavity of the adsorption/
desorption branches describes a two-stage-adsorption mechanism,
which involves firstly the filling of micropores in the low relative
pressure regime and subsequently of mesopores at higher pressure.
In our case, the growing trend of total adsorbed water while
increasing the analysis temperature is ascribable to the higher
water vapor saturation pressure (pPuzosat.), Which allows for con-
ducting the analysis at increased absolute pressure values. Indeed,
in the relatively low-pressure regime, the amount of adsorbed H,0
is higher for the isotherms obtained at lower analysis temperatures.
From the reported data, it is possible to observe that H,O adsorp-
tion is higher in the N-CMK-3_600 sample than for N-CMK-3_750
and N-CMK-3_900 ones. This evidence is consistent with the pre-
dictions since the more abundant incorporation of heteroatoms
(namely O and N) in the carbon framework obtained at the lowest
T, provides a stronger hydrophilic character. Indeed, N and O spe-
cies are considered to promote water adsorption, especially in the
low and intermediate pressure region [74,75], and according to the
study of Kumar et al. [38], water vapor adsorption is more influ-
enced by the local density of N species than their type. Despite an
increased affinity for H,O given by heteroatoms incorporation in-
side the pristine carbon surface, the N-CMK-3-type samples studied
in this work exhibited still a poor hydrophilic character when
compared to other highly hydrophilic N-doped carbons, which
achieved 4—5 orders of magnitude higher H,O uptake in the low
relative pressure range [36]. This conclusion is particularly
encouraging from the perspective of the original application of the
N-CMK-3 sorbents studied in this work as selective CO, sorbents
from moisture flue gases. Analogous observations are also derived
from the quantification of the isosteric enthalpy of water adsorp-
tion (—4HadsH20)- In the considered loading range, the 4HdsH20
values of all the N-CMK-3 samples (see Fig. 6b) are below the
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of values for the water heat of condensation in the considered temperature range.

enthalpy of condensation of water, which lies approximately in the
range 42—44 kJ/mol in the analyzed temperature range (30—60 °C)
[76]. This indication confirms the hydrophobic nature of the NOMC
samples studied in this work. However, despite the average
behavior, the samples locally present some specific sites, such as
micropores or O- or N- sites, where —A4H,q4sH20 approaches the
enthalpy of condensation of water. Precisely, the adsorbate-
adsorbent interactions govern water adsorption at low coverage
[77].

Hence, the initial modest values of —4Hy4s 120 for the N-CMK-
3_750 sample likely derive from the lower N content, which causes
a weaker affinity for the H,0, with respect to the N-CMK-3_600
sample. In the case of the N-CMK-3_900 sample, the high content of
micropores likely compensates for the low concentration of N-
species. As the adsorption progresses, the energy involved in the
water cluster formation becomes dominant and mostly influences
AH,ds 120 values.

3.7. COy adsorption under humid conditions

Three consecutive H>O/CO, adsorption-desorption cycles (the
method used is schematically described in Fig. S2c) were per-
formed at 30 °C on the two most promising samples (N-CMK-3_600
and N-CMK-3_750) to study the ability of the samples to capture
CO; under humid condition. Fig. 7 shows the weight change of the
samples resulting from the exposition to different mixtures of H,O
and CO,. During the 1st cycle (Fig. 7a and b), RH was kept constant
at 25% (i.e., py2o = 1.06 kPa), while CO, partial pressure (pcoz) was
varied from O to 65% (i.e., from O to 2.76 kPa), in the assumption that
H,0 adsorption remains constant at the same absolute H,O pres-
sure. An increment of pcoy at constant RH corresponds to an in-
crease in the weight of the samples which is attributable to CO,
adsorption. It is worth noticing that a certain amount of the
adsorbed species did not desorb during the 1st cycle, thus occu-
pying part of the available pore volume and, in turn, hindering the
utilization of the maximum capacity of the sorbents during the
subsequent cycles. The same adsorption behavior is observed
during the 2nd cycle (Fig. 7c and d) when RH was kept constant at
50% and pco2 gradually increases from 0 to 40%.

However, it is promising to observe that the samples are still
able to capture CO, even if water is previously adsorbed in the
porosity of the samples and this increment of the sample weight is
directly proportional to pco2. During the 3rd cycle (Fig. 7e and f), RH
gradually increased and stabilized at 75%. Subsequently, 15% of pco2
was added. The introduction of CO; caused a remarkable increment
of the weight correspondent to 2.9 and 3.9 wt% for N-CMK-3_600
and N-CMK-3_750 samples, respectively. Generally, the sample N-
CMK-3_750 adsorbs a lower amount of H,0, as observed also in
single-component isotherms (see Fig. 6a and Fig. S14), and a higher
amount of CO; in comparison to the sample N-CMK-3_600 under
humid conditions.

Table 4 reports the amounts of CO, adsorbed under different
conditions of humidity. The maximum amount of adsorbed CO, at
RH = 25% is comparable to the one under pure CO, (reported in Fig.
3a), which means that a moderate presence of moisture does not
affect the ability of the adsorbents to capture CO,, especially for the
N-CMK-3_750 sample. However, by rising the RH up to 75%, the
amount of CO, adsorbed was significantly reduced. Nonetheless,
this behavior is not linear. For instance, the quantity of the CO,
adsorbed decreases after the increase of RH from 25% to 50%, but on
the contrary, the adsorbed CO, amount increases from RH 50—75%.
Similar behavior has already been reported in the literature
[24—26], demonstrating that the effect of H,O on CO; adsorption is
a balance between the competition towards the occupation of the
adsorption sites and the promotion of side reactions at the N-
species that consume CO, (e.g., bicarbonate formation). Consid-
ering the two examined samples, the lowest affinity for H,O shown
by the N-CMK-3_750 sample, allowed higher retention of satisfying
CO; capture capabilities in presence of water. This result makes it
the most suitable sorbent among the studied ones for CO, capture
under moisture conditions.

3.8. Assessment of sorbents reusability after HO adsorption

The adsorption in pure CO, at 30 °C was repeated after the tests
under humid gas mixtures (see Fig. S15), observing a considerable
reduction in the CO, uptake after the exposition to water (—45% for
N-CMK-3_600 and—65% for N-CMK-3_750). This might be related
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weight increase achieved under pure H,0 at the target RH.

either to the incomplete desorption of the adsorbates from the
previous tests, even upon reactivation at 300 °C under vacuum, or to
a structural collapse during the reactivation, promoted by the same
trapped gases. Indeed, some irreversibility between adsorption and
desorption was observed during the CO,/HO adsorption tests in
Fig. 7, presumably not desorbed H>O, since this species is more

Table 4

difficult to remove, owing to the higher isosteric enthalpy of water
adsorption in respect to CO, [78]. As a matter of fact, at the end of the
desorption branch of the 1st cycle, the final weight of the sample
was around 3 wt% of the initial weight (see Fig. 7a and b). Further
analysis of the textural features before and after the exposition to
H,0 on the N-CMK-3_600 sample was performed by N5 adsorption-

Maximum CO, adsorption at 30 °C under different humidity percentage for the N-CMK-3-type samples under study.

Sample name C0O3,.4s @ RH 0% mmol/g

C02,.4ds @ RH 25% mmol/g

(03,445 @ RH 50% mmol/g CO2,4ds @ RH 75% mmol/g

N-CMK-3_600
N-CMK-3_750

1.66
1.55

1.23
1.52

0.42
0.61

0.66
0.89
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desorption isotherms at —196 °C, to verify the more convincing
hypothesis of unsuccessful regeneration as the main cause of the
decrease of CO, uptake, even after the usual activation process at
300 °C preceding each measurement. This sample was chosen
among the others of the N-CMK-3 series for its more marked hy-
drophilic character, derived from the higher content of N-species.
The samples were activated at 300 °C in a vacuum for 1 h before the
analysis, in line with the procedure used for the measurements
under CO,/H,0 atmosphere. A further attempt was considered by
extending the activation treatment up to 12 h to evaluate the po-
tential beneficial effect of a longer treatment in improving the
evacuation of the adsorbed species. The isotherms obtained in Fig. 8a
of the fresh sample and the same sample treated in H>O and sub-
sequently activated for 1 h or 12 h are the same original combination
of type I plus IV, confirming the retention of the characteristic CMK-3
mesostructure. Similarly, the pore size distributions in the inset in
Fig. 8b are all roughly comparable, except for the population of the
smallest micropores (@ < 1 nm, reasonably the most effective in CO;
capture) that are completely disappeared, together with a specific
family of quite small mesopores (@ = 2—2.5 nm). The fact that some
pores populations remain totally unaffected while others completely
disappeared unequivocally supports the hypothesis of pore occlu-
sion by non-desorbed H,0 molecules, rather than structure collapse
during water adsorption tests and/or reactivation treatment.

As a consequence of pore occlusion, the sample treated in H,O
shows a sizable reduction of the BET surface area, total pore vol-
ume, and micropore volume, even after the activation procedure,
with a stronger deterioration, as predictable, in the case of the
shortest regeneration treatment of 1 h. Precisely, a reduction of
60.6% of Sget, 47.1% of V), and 89.6% of Vip was recorded in the case
of the activation at 300 °C for 1 h. The longer treatment carried out
at 12 h only slightly helped in restoring the initial textural features.
The dramatic decrease of the micropore volume is the most
remarkable information deduced from this analysis since this
characteristic is important for CO, adsorption. Therefore, it is
reasonable that the considerable reduction of the number of these
preferential sites of adsorption is the cause of the inability to
restore the initial uptake capability by the considered sample. To
further investigate this phenomenon, a thermogravimetric analysis
coupled with Fourier transform infrared spectroscopy (TGA-FTIR)
on the N-CMK-3_600 sample was performed after H,O adsorption
and compared with the fresh sample (see Fig. 9a and b). The TGA
profile of the fresh sample (Fig. 9a) shows a first degradation peak
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at 70 °C, corresponding to a weight loss of about 8 wt%, then a
constant limited loss of 6 wt% for temperatures varying from 100 to
600 °C and a final step of weight loss equal to ca. 10 wt% from 600 to
800 °C. The evolved gases are composed mainly of H,0, CO,, CO,
NH3s, and HCN; their relative intensities change during the test, as
shown in Fig. 9c. During the first step (Figs. S16a—b), the fresh
sample mainly released H,O that was adsorbed from the atmo-
sphere; in the second step (Fig. S16¢), the main component of the
evolved gas mixture is CO,, while from temperatures higher than
600 °C, the weight loss slowly increases as expected from carbo-
naceous materials prepared at 600 °C. Indeed, in this phase (see Fig.
S16d), the fresh carbon sample slowly evolves producing HCN and
NHjs, thus reducing the quantity of nitrogen incorporated in the
carbon framework, as expected based on the XPS analysis, and
producing CO and CO, from material graphitization. The TGA-FTIR
analysis on the sample tested in H,O adsorption, here labeled as
“treated”, shows several differences in comparison to the fresh
sample. First, the thermodegradation curve exhibits a new step
with a maximum at around 235 °C and a weight loss of ca. 20 wt%
(Fig. S16e). In this range of temperatures, the IR spectra (see Figs.
S16f—g) clearly show the presence of CH; moieties and carbonyl
groups typical of ketones, carboxylic acids, etc. [79]. In addition, it is
worth noticing that, differently from the fresh sample, at temper-
atures higher than 300 °C, the IR spectra of the treated sample
show the release of H,O (see Fig. S16h), with a continuous incre-
ment of the intensity of the signal as long as the temperature in-
creases (Fig. 8d).

In conclusion, the volumetric and thermogravimetric analyses
considerably helped in extrapolating useful information regarding
the optimal regeneration conditions for the studied sorbents after
their exposition to moist environments. In detail, the usual acti-
vation process carried out at 300 °C was revealed to be not
completely successful in evacuating the previously adsorbed spe-
cies during H,O or H,0/CO, adsorption tests. The attempt of
keeping the same temperature (i.e., 300 °C) while prolonging the
activation time was not fully successful to restore the initial prop-
erties of the sorbents so that to justify a longer time for the
regeneration procedure, which is a collateral step of the capture
process. On the contrary, the increase of the activation temperature,
as suggested by the thermogravimetric analysis, could be more
effective in totally restoring the initial adsorption capacity, but the
feasibility of the process is still questionable in terms of energy
consumption for a real application.
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Fig. 8. Investigation of the change in the porosity properties of the N-CMK-3_600 sample before and after H,O adsorption: a) N, adsorption-desorption isotherms at —196 °C and, b)
DFT cumulative pore volume and pore size distribution (inset) in the micro- and mesoporous range. The activation treatment was carried out at 300 °C in a vacuum for 1 h, in the
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4. Conclusions

This work investigated the CO, capture ability and selectivity
over Ny and H,0 gases in simulated post-combustion flue gases by
N-containing carbonaceous adsorbents. Three different N-con-
taining ordered mesoporous carbons of the CMK-3-type were
successfully synthesized through the nanocasting method of D-
glucosamine on SBA-15 silica template. The pyrolysis temperature
was adjusted to tune both the porosity features and the surface
chemistry (e.g., N content) in a single step. It was observed that a
higher N content improved both the CO, adsorption at a temper-
ature close to room temperature and atmospheric pressure and the
selectivity toward CO, in CO,/N, gas mixtures. In this work,
D-glucosamine was chosen as the nitrogen-rich carbon source,
being sustainable and renewable, as extractable from chitin, the
second most abundant natural polymer present in several biomass
residues (e.g., insects, arachnids, or crustaceans) [83]. Furthermore,
nanocasting from broadly available SBA-15 silica template worked
as a standardized procedure for tuning both the porosity features
and the surface chemistry in a single step, thus bypassing post-
synthesis modification aimed at increasing micropore content
and heteroatoms doping.

Specifically, a maximum CO, adsorption capacity of 1.66 mmol/g
for pure CO,, and 1.03 mmol/g for 20% CO, in N, was obtained for
the sample with the highest N content (N-CMK-3_600, with 11.3
at.% of N). However, N species enhanced also the affinity for H,0, so
that the N-CMK-3_600 sample experienced a higher reduction in
CO,/H,0 selectivity in comparison to the sample N-CMK-3_750,

1

, paraffin by —CH, at 2925 cm™', oxidized paraffin by —C=0 at 1715 cm™" for the same sample after H,0 adsorption [80—82].

which contains a lower amount of nitrogen (8.3 at.%). Generally,
despite an unavoidable reduction in the CO, uptake in humid gas
mixtures, due to the competitive adsorption between CO, and H,0,
the studied samples still retained good CO, capture capability. As
mentioned above, the N-CMK-3_750 sample better preserved the
selectivity for CO, uptake in moist gas compositions with a CO,
uptake of 1.52, 0.61, and 0.89 mmol/g at RH 25, 50, and 75%,
respectively. However, the repetition of the CO, adsorption tests
after H,0 adsorption revealed a considerable reduction in the up-
take, owing to the incomplete desorption of water mainly from very
narrow micropores (@ < 1 nm), thus making these binding sites
unavailable for the subsequent capture of CO,. Conversely, the
retention of the CO, capture properties under repetitive sorption-
desorption cycles was assessed by reusability tests in pure CO;
flow, revealing almost unvaried performances even after 10 cycles.
Only a slightly appreciable efficiency loss was registered between
the first and the second cycle, but it is ascribed to irreversible
sorption of CO, molecules, which stayed bound at the most ener-
getic sites after the regeneration step at 150 °C. The hypothesis of
the degradation of the samples was excluded because, after the
second cycle, the CO, adsorption remained reproducible upon
multiple cycles.

In summary, the obtained sorbents displayed good character-
istics in terms of adsorption capacity, cyclability in pure CO;, and
selectivity in CO,/N, and CO,/H,0 binary mixtures, in comparison
with other materials reported in the literature (as in Table S2)
[23,24,30,84—86]. Furthermore, this study satisfies the original aim
to explore the competition between H,0 and CO, from simulated
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post-combustion flue gas mixtures onto N-rich carbons, to identify
their potentiality and limits from a real application perspective.
Therefore, in a future perspective, the identification of the ideal
reactivation conditions for fully restoring the specific CO, adsorp-
tion sites from accidentally adsorbed H,O might be the decisive
solution, to assure complete reusability of the sorbents applied for
CO; capture from moist flue gases.
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