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ABSTRACT

D-glucosamine is investigated as a non-toxic and sustainable carbon/nitrogen (C/N) source for the
templated synthesis of nitrogen-containing CMK-8 ordered mesoporous carbons (NOMCs) conceived for
selective CO, uptake. Pyrolysis temperature is varied during nanocasting using the KIT-6 silica hard
template to tailor microporosity and nitrogen inclusions. NOMCs exhibit large surface area (600—1000
m? g'1) and excellent pore ordering. The CO,/adsorbent interaction energy is estimated by the isosteric
enthalpy of adsorption (~33—40 kJ mol™!) and Henry's constants. The role of nitrogen content (~7
—12 at.%) and of each type of N-species on CO, adsorption is studied by X-ray photoelectron spectros-
copy, and CO,/N; selectivity is attributed, being pyridinic functionalities the most effective ones. NOMCs
are tested at different temperatures, gas flow compositions, reversibility, and so on; in all tested con-
ditions, they outperform a homologous bare sucrose-derived carbon. Enhancing micropore volume al-
lows achieving maximum adsorption capacity in pure CO, (1.47 mmol g~ at 30 °C/0.9 bar), whereas
increasing surface N-content accounts for the highest selectivity in CO2/N, mixtures (20/80 v/v) at 35 °C/
1 bar (maximum CO, uptake 0.82 mmol g ). The combination of a suitable C/N precursor and the hard
templating synthetic route is effective for obtaining high-performing, sustainable, and reusable selective
CO; sorbents, without any activation steps or N-doping post-treatments.
© 2021 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

become competitive to fully meet the energy demand and
replace fossil fuels, carbon capture and storage (CCS) technolo-

Nowadays, global warming is one of the most challenging
issues. In 2020, the global average temperature exceeded
approximately 1.2 °C of the preindustrial level [1], which is
attributed to the incessant increase of anthropogenic greenhouse
gases emissions. Among these, carbon dioxide (CO,) gas is
considered the biggest responsible for greenhouse effect [2].
Hence, a lot of efforts have been made in developing technolo-
gies with a low carbon footprint. As long as renewable resources
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gies play a crucial role in mitigating the effects of CO, emissions
in the near future [3]. CCS methods for CO, sequestration are
mainly based on absorption (bulk process) [4—6], adsorption
(surface process) [7], membrane [8] and cryogenics [9] technol-
ogies. Technologies based on absorption are currently the most
mature and industrialized, by using liquid amines that chemi-
cally interact with the CO, molecules [10]. However, several
limitations have still to be solved, such as severe corrosion of the
equipment and high energy consumption for absorbent regen-
eration [11]. To overcome these issues, adsorption technology
benefits lower operation costs and adsorbent reusability
compared with the other technologies [7].

Solid-sorbent families such as zeolites [12], metal-organic
frameworks [13], porous silicas [14], porous polymers [15], and
porous carbons [16] are the most used to capture CO2, mainly via
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physical adsorption. Among them, porous carbons are advanta-
geous because they can be obtained with large surface area,
tunable porous structure, and surface properties. At the same
time, they have good thermal and chemical stability and resis-
tance to moisture [17]. Their cost-effectiveness is related to the
production process; commercial and cheap highly porous car-
bons are also available and used commercially, for instance, the
ones derived from low-cost biomass feedstock [18]. A critical
aspect of physical adsorbents is the low selectivity for CO, in a
mixture with other gases, as typically occurs in flue gases [19].
The design of the pore architecture and the adjustment of the
surface properties are the most used strategies for promoting a
selective adsorbate-adsorbent interaction. It is generally agreed
that micropores (<2 nm) and, in particular, ultramicropores
(<0.7 nm) are crucial for boosting both CO, adsorption and
selectivity because of the higher adsorption potential in very
small pores [20—22]. However, in the microporous network, the
CO,, diffusion is affected by slow kinetics and inaccessibility [23].
An ordered porous architecture composed by combining micro-
pores and mesopores improves the CO; uptake [23]. For instance,
Vorokhta et al. [24] and Garcia et al. [25] observed the beneficial
effects of a mutual contribution of the micropore content and the
ordered mesoporosity in the CO, adsorption capacity and ki-
netics, respectively. Indeed, despite templated synthetic routes
increas the overall cost of the process, by involving expensive
chemicals and multiple time-consuming reaction steps, ordered
mesoporous carbons (OMCs) are still competitive from an
application point of view. Indeed, the ordered porous network
facilitates gas transport and makes the adsorption sites available
to the adsorbate. Moreover, OMCs represent a relevant model
system to study composition and porosity parameters of the
adsorbents.

The heteroatom incorporation onto the carbon surface is a
widely explored strategy for enhancing the interaction with CO,
[26]. Specific functionalization with N-based moieties is widely
used for increasing the basicity of the carbon framework, thus
promoting the interaction with the acidic CO, molecule [27].
However, microporosity and nitrogen doping are frequently ob-
tained via post-synthesis processes, such as physical or chemical
activation [28,29] and treatments with ammonia and/or function-
alization with amine groups [30,31], respectively. Additional stages
in the adsorbents preparation procedure increase time/energy
consumptions, which in turn increase the overall cost and impact
over industrial up-scaling.

In this study, an original, alternative approach for the synthesis
of nitrogen-containing ordered mesoporous carbons (namely,
NOMCs) is proposed, which are readily obtained by applying the
well-known nanocasting technique. Chitin is the second most
abundant natural polysaccharide, one derivative obtained from its
hydrolysis is p-glucosamine. To our knowledge, the derived p-
glucosamine hydrochloride is here explored for the first time as a
sustainable source to obtain in a single-step, by the nanocasting
approach, N-loaded ordered CMK-8-type mesoporous carbons
conceived for greenhouse gas adsorption/separation. The novel
NOMC materials are prepared by impregnating p-glucosamine into
the pores of the KIT-6 ordered mesoporous silica hard-templates
followed by pyrolysis and silica removal steps. Different KIT-6
hard templates and pyrolysis conditions are applied to induce
changes in the porosity and in the amount and type of nitrogen
functionalities of the NOMC materials. Their effects on CO,
adsorption and selectivity are thoroughly investigated by a
comprehensive set of physicochemical techniques. Particular in-
terest is devoted to the CO, adsorption performances: different
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testing conditions (temperature and gas composition), selectivity,
and reusability are evaluated, so as to unravel the feasibility of the
use of the synthetized materials as efficient and highly selective
CO; adsorbents in a circular economy perspective.

2. Materials and methods
2.1. Chemicals

Poly(ethylene  glycol)-block-poly(propylene  glycol)-block-
poly(ethylene glycol) (EO20PO70EO20, P123, Mn~5800), tetraethyl
orthosilicate (TEOS, 98%), sucrose (C12H22011, > 99.0%, namely S in
this work) were purchased from Sigma-Aldrich. Ethanol (C2HgO,
EtOH, 96%) was purchased from Brenntag. 1-butanol (BuOH, 99%),
sodium hydroxide (NaOH, 98%, flakes), and p-glucosamine hydro-
chloride (CgH13NOs5-HCI, > 98%, namely G in this work) were
bought from Alfa Aesar, and hydrochloric acid (HCI, 37%) and sul-
furic acid (H,SO4, 95%) were obtained from VWR Chemicals. All
chemicals were used as received without further purification steps.

2.2. Synthesis

Two families of CMK-8-type NOMCs were prepared through the
nanocasting method, starting from two different KIT-6 silica used
as hard templates (namely, KIT-6_40 or KIT-6_100), which were
synthesized with the same procedure described by Kleitz et al. [32],
and hydrothermally treated at 40 °C for 72 h or at 100 °C for 48 h,
respectively. NOMC samples were prepared by using a two-step
impregnation procedure. The silica template was previously
degassed overnight at 150 °C under vacuum; its pore volume value
was used to determine the amount of the carbon source necessary
to fulfill the porous template [33]. The relative amounts of
glucosamine hydrochloride, water, and sulfuric acid were esti-
mated from adjustments of a frequently used standard procedure
for the impregnation with sucrose as the carbon source [33,34].
Precisely, for the first impregnation step, 1.0 g of glucosamine hy-
drochloride (G), 0.062 mL of H,SO4, and 4.0 g of doubly deionized
water or 2.0 g of G, 0.123 mL of H,SOy4, and 8.0 g of deionized water
were used for each gram of KIT-6_40 or KIT-6_100, respectively.
Glucosamine was previously dissolved in the sulfuric acid aqueous
solution and was added dropwise to the silica powders. The
mixture was stirred for 1 h at room temperature (RT) until a ho-
mogenous gel-like consistency was obtained. Then the slurry was
thermally treated using three-step heating in a muffle furnace at
100 °C for 6 h, 140 °C for 2 h, and 160 °C for 6 h. The same procedure
was repeated for the second impregnation step, reducing the initial
amounts of reagents to 0.61 g of G, 0.038 mL of HySOy4, and 2.44 g of
doubly deionized water or 1.22 g of G, 0.075 mL of H,SO4,and 4.88 g
of doubly deionized water for KIT-6_40 or KIT-6_100 templates,
respectively. The mixture was again treated at 100 °C for 6 h and
140 °C for 2 h in a muffle furnace. Then, each family of CMK-8
samples was pyrolyzed at three different temperatures: 600; 750;
and 900 °C, for 4 h. The pyrolysis was carried out in a muffle
furnace, using a quartz reactor with a capillary cap under atmo-
spheric pressure [35]. The samples were heated from RT to the
target pyrolysis temperature (T;,) (heating rate = 3 °C min~1), with
two intermediate steps at 200 °C for 6 h and at 655 °C for 4 h (the
latter was absent on the samples pyrolyzed at 600 °C). Finally, the
silica template was dissolved by stirring the carbonized powders
overnight at RT in a 2 M NaOH water/ethanol solution
(HzO:ethanol = 1:1). A complete silica removal was accomplished
by repeating this procedure three times (verified by the negligible
amount of residual sample after thermogravimetric analysis [TGA]
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under air). After that, the samples were washed several times in
water and ethanol and dried overnight at 70 °C. For comparison
purpose, another material was prepared with the same procedure,
by using, in this case, sucrose (S) as the carbon source and KIT-
6_100 as the hard template. The samples are named X_Y(Z),
where X is the carbon source (G or S, respectively), Y the pyrolysis
temperature (varying from 600 to 900 °C), and Z the temperature of
the hydrothermal treatment of the silica template (i.e. 40 or 100 °C).
For the courtesy of the reader, the list of the OMC samples syn-
thesized in this work is summarized in Table 1.

2.3. Physicochemical characterization

A PANalytical Empyrean powder diffractometer equipped using
the PIXcel®P detector (Malvern PANalytical, the United Kingdom)
was used for the low-angle X-ray diffraction (LAXRD) analysis. The
LAXRD patterns were collected in transmission mode (using
focusing mirror geometry) using a Cu Koy, radiation, at an oper-
ating voltage of 45.0 kV and a tube current of 40.0 mA. The mea-
surements were carried out in continuous mode with a step size of
2 § = 0.0131° and a data time per step of 50 s. High-resolution
transmission electron microscopy (HR-TEM) images were taken
using a Philips CM20 transmission electron microscope at an
accelerating voltage of 200 keV in brightfield mode. For HR-TEM
analysis, the samples were dispersed in ethanol via gentle soni-
cation, and a droplet of the resulting mixture is deposited onto an
aluminum TEM grid and dried at RT. The morphology of the ma-
terials was studied by Field Emission Scanning Electron Microscopy
(FESEM) using a Zeiss Supra 40 microscope (Zeiss, Milano, Italy).
The images were taken with magnifications from 1000 to 250,000
times at 5 kV. The samples for FESEM were prepared using the
following procedure: the carbon powder is dispersed in ethanol,
sonicated gently, and a droplet is deposited on a double-sided
sticky carbon tape fixed to a flat sample holder and dried at RT.
Specific surface area and porosity evaluation in the mesoporous
range were carried out by N5 adsorption-desorption measurements
at 77 K (i.e. =196 °C), whereas microporosity was studied per-
forming adsorption at 0 °C and using CO, as a gas probe.
Adsorption-desorption of N; (at —196 °C) and CO, (at — 10, 0, and
10 °C) was performed in an Anton Paar Quantatech Inc. 1Q2 in-
strument (Boynton Beach, FL, USA). Before sorption analysis, silica
and carbon samples were outgassed at 150 and 300 °C, respectively,
for 12 h under vacuum. The calculations were carried out using the
AsiQwin 5.2 software provided by Anton Paar Quantatech Inc. The
specific surface area (Spgr), pore size distribution (PSD), pore width
(Dp), and pore volume (Vpprr) in the mesoporous range of silica
samples were calculated using the non-local density functional
theory (NLDFT) method, applied on the equilibrium branch of N,
isotherms at —196 °C, considering an amorphous silica surface and
a cylindrical pore model. The quench solid density functional the-
ory (QSDFT) was used as a preferential method for the estimation of
Sprr, PSD, Dy, and V), prr of carbon samples. The QSDFT method was
applied at the adsorption branch of N isotherms at —196 °C,

Table 1
List of OMC samples synthesized in this work.
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considering the model for carbons and cylindrical pores as adsor-
bent and pore shape, respectively. The QSDFT method was chosen
as the most accurate for this analysis because, with respect to
NLDFT, it includes a roughness parameter, which takes into account
the surface heterogeneity of some carbon materials [36]. Brunauer-
Emmett-Teller (BET) surface area (Sggr) was also calculated
adjusting opportunely the relative pressure of data point selection
in the range 0.05 < p/po < 0.2. Micropore size distribution, pore
width (Dpp) in the microporous range, micropore (Vp, < 2 nm),
and ultramicropore volume (Vymp, < 0.7 nm) were calculated from
the adsorption branch of the CO; isotherms at 0 °C, using an NLDFT
method specific for carbon surfaces. The isosteric enthalpy of
adsorption (AH,gs) was calculated from the CO, adsorption
branches of the isotherms obtained at three different temperatures,
thatis, — 10, 0, and 10 °C, (AT = 10 °C) and analyzed by the Clausius-
Clapeyron approach using the software AsiQwin 5.2. The AH,q4s
values are derived from the slope of the Arrhenius plot (Inp vs.
1/T)‘ where p is the value of pressure at equal coverage, and T is the

respective absolute temperature. Thermal degradation analysis was
performed using a thermogravimetric analyzer NETZSCH TG 209 F3
Tarsus. An amount of 5—7 mg of the sample was burned in an
alumina pan under airflow (20 mL min~!) with N, as a protective
gas (20 mL min~!) in a temperature range of 30—800 °C (heating
rate 10 °C min~!). X-ray photoelectron spectroscopy (XPS, Nexsa,
Thermo-Scientific, Massachusetts, USA) was performed using Al Ko
radiation source operating at 72 W and an integrated flood gun. A
pass energy of 200 eV, ‘Standard Lens Mode,” CAE Analyzer Mode,
and an energy step size of 1 eV for the survey spectrum were used.
The diameter of the X-ray beam was 400 um. Before analysis, the
surface was cleaned by sputtering with Ar-clusters (1000 atoms,
6000 eV, 1 mm raster size) for 60 s. High-resolution spectra were
acquired with 50 passes at a pass energy of 50 eV and an energy
step size of 0.1 eV. High-resolution XPS spectra were fitted with
Gaussian functions and a spline for the background subtraction
using the software OriginPro 2020.

2.4. Pure CO, adsorption and CO,/N; selectivity evaluation

The selectivity for CO, adsorption in a mixture with Ny was
evaluated by TGA on a NETZSCH TG 209 F1 Libra at 35 °C and
ambient laboratory pressure (~ 1 bar). A schematic representation of
the setup is shown in Figure S1 in the Supporting Information (SI).
Before each test, to remove contaminants (mainly adsorbed gases or
water) which can occlude the porosity, the samples were activated as
follows: approximately 20 mg of the sample was activated with one
cycle of vacuum and successively heating up to 500 °C for 15 min
(heating rate 10 °C min~') under N, flow; when the temperature
cooled down to 35 °C (cooling rate 40 °C min~'), the sample was
exposed to pure N; for 15 min, for stabilizing the weight. After that, a
simulated flue gas [2] made up of 20 vol % of CO, and 80 vol % of N,
(8 mL min~! of CO; in a total flow of 40 mL min~!) replaced Ny; the
weight increase observed after the CO/N, gas mixture exposition for
120 min corresponds to the amount of CO, adsorbed by the sample.

Sample name Carbon source

Pyrolysis temperature, T, (°C) Hard template

G_600(40) Glucosamine hydrochloride
G_750(40) Glucosamine hydrochloride
G_900(40) Glucosamine hydrochloride
G_600(100) Glucosamine hydrochloride
G_750(100) Glucosamine hydrochloride
G_900(100) Glucosamine hydrochloride

S_900(100) Sucrose

600 KIT-6_40
750 KIT-6_40
900 KIT-6_40
600 KIT-6_100
750 KIT-6_100
900 KIT-6_100
900 KIT-6_100
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The desorption procedure was carried out in two stages: first, at the
same temperature of 35 °C by sweeping the gas mixture for a pure N,
flow for 1 h, to remove adsorbed CO5; then, by heating the sample to
500 °C for 15 min (10 °C min~!) for desorbing CO, adsorbed at the
more energetic sites. Pure CO, and N; adsorption isotherms and
cyclic CO, adsorption-desorption measurements were performed
using a Surface Measurement System, Dynamic Vapor Sorption
(DVS) instrument. The samples were activated under vacuum at
300 °C for 30 min before each analysis. The pure CO, and N, iso-
therms were carried out at a constant temperature of 30 °C while
increasing the pressure up to 0.9 bar (10% of p/po increase at each
step). The equilibrium criterion condition for each step was chosen
as dm/dt = 0.002% min~". Ideal adsorption solution theory (IAST)
was applied on single-component adsorption isotherms of CO, and
N> at 30 °C, from 0 to 90 kPa, accordingly to the methodology re-
ported in the SI (see the Equations S1, S2, and S3). The molar fraction
of the gas phase was chosen as 20% of CO, and 80% of N, as for the
gas mixture measurements in TGA, or as 15% of CO, and 85% of Ny, as
for more precise comparison with the majority of the literature re-
ports. The affinity of CO, for the adsorbent surface was estimated by
Henry's constant (Ky). Ky (mmol g~! kPa~!) was calculated from
pure CO; adsorption isotherms at 0 °C in the limit of zero coverage
using the virial isotherm model, as reported previously [37].

The reusability of the sorbents was tested with six consecutive
adsorption-desorption cycles. Each adsorption step was performed
at 0.2 bar and 30 °C (equilibrium criterion dm/dt = 0.01% min~1).
The desorption/regeneration step was carried out at 150 °C.

3. Results and discussion
3.1. Textural properties
Low-angle X-ray diffraction analysis (Fig. 1a and b), as a non-

destructive method, was widely used to attain precise informa-
tion about the structural attributes of the materials, chiefly the

——G_600(100)
——G_750(100)
—— G_900(100)

20()

——G_600(40)
—— G_750(40)
——G_900(40)

T T T T
1.0 1.5 20 25 3.0 35 4.0
20(°)
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ordered arrangement in the mesoporous structures. The LAXRD
diffraction pattern of KIT-6 silica is characteristic of cubic Ia3d
symmetry (see Figures S2a and S3a in SI) [32]. The order meso-
porous structure of the two families of carbon replicas is
confirmed by both LAXRD and HR-TEM characterization tech-
niques. In detail, X_Y(100) samples maintain the same Ia 3
d symmetry of the silica template, as demonstrated by the well-
resolved (211) and (220) reflections in LAXRD patterns (see
Fig. 1b and S4a). On the contrary, an additional diffraction peak at
20 < 1° indexed as (110) reflection [38] reveals a change in the
symmetry for the G_Y(40) samples from the respective template
(Fig. 1a). The lower symmetry of the mesostructure of this family
of carbons has been explained by the absence of connectivity
among the two mesoporous channel systems of KIT-6 when the
hydrothermal treatment is performed at a temperature below
70 °C [39]. Their symmetry can be attributed to I4/;32 [40], which
is typically observed in CMK-1-type carbons, a carbon family
derived from the replication of two pairs of non-interconnected
pore systems of MCM-48 silica hard template [41]. The intensity
and definition of LAXRD peaks increase as Tp increases, indicating
a higher ordering in the mesoporous structure.

The HR-TEM images in Fig. 1c—f show the highly ordered porous
structure of both the families of CMK-8 samples. X_Y(100) series of
samples are characterized by a dense and interwoven framework
(Fig. 1e and f and Figure S5 in SI), derived by the replication of both
the two interconnected pore systems of KIT-6_100. On the contrary,
G_Y(40) series of samples display disconnected framework systems
that can be well distinguished in Fig. 1c and d. This observation
corroborates the thesis of independent filling of the template
porosity, typical for the replica from KIT-6_40 [42]. In addition, the
FESEM images show a highly porous structure (Figure S6 in SI); in
some areas of the samples, it is even possible to appreciate the
ordered disposition of the pores.

The XRD unit cell size ap;; was calculated from the (211)

reflection using the expression ay;; = V6-dyyq, where the

Fig. 1. Left hand-sided plots show LAXRD of NOMC samples obtained from glucosamine at different temperatures, namely, (a) G_600(40), G_750(40), G_900(40) and (b)
G_600(100), G_750(100), and G_900(100) (red, blue, black lines, respectively). Right hand-sided images show HR-TEM micrographs of (¢) G_600(40) with, in inset, insights into the

ordered porous structure, (d) G_900(40), (e) G_600(100), and (f) G_900(100).
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interplanar spacing d»11 was calculated using the Bragg's law. The
shrinkage of the mesostructure after the high-temperature treat-
ment is observed by the decrease of the interplanar d-spacing and,
consequently, of the unit cell size as Ty, increases (Table S1).

The porosity features were investigated by N, adsorption-
desorption measurements at — 196 °C. All the samples show type
IVa isotherms (IUPAC classification), which is typical of mesoporous
materials like MCM-41 [43], with some character that resembles a
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type la isotherm (IUPAC classification), which is indicative of the
presence of some micropores. The family of samples G_Y(40) has
two hysteresis loops in the range 0.65 < p/po < 0.85, which corre-
spond to a bimodal PSD (see Fig. 2a and b). The family of samples
X_Y(100) has one hysteresis loop in the relative pressure range
0.4—0.8 and a PSD centered at 4.5 nm (Fig. 3c and d).

Besides the main population of pores, for both the G_Y(40) and
G_Y(100) families of samples, an additional population of pores of
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Fig. 2. N, adsorption-desorption isotherms at —196 °C and QSDFT pore size distributions of NOMC samples obtained from glucosamine at different temperatures: (a and b)
G_600(40), G_750(40), and G_900(40) (red, blue, and black lines, respectively) and (¢ and d) G_600(100), G_750(100), and G_900(100) (red, blue, and black lines, respectively). CO,
adsorption isotherms at 0 °C (e) and NLDFT micropore size distributions (f) of OMC samples from glucosamine and sucrose: G_600(40); G_750(40); and G_900(40) (red, blue, and
black empty dots, respectively) and G_600(100), G_750(100), G_900(100), and S_900(100) (red, blue, black, and gray full dots, respectively).
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Fig. 3. a) Surface atomic ratio of C, N, and O as derived from XPS analysis of NOMCs prepared and under study in this work (see also Table S3 in SI); (b) relative ratio of the N-species
(N-6, N-5, and N-Q) in G-derived NOMCs, as calculated from the deconvolution of the high-resolution XPS signals in the N1s region (full spectra are available in SI).

size around 11 nm is present, probably owing to incomplete pore
filling [44]. Indeed, this population of larger pores is more evident
for the replicas of the silica aged at 40 °C than for the one aged at
100 °C. This evidence can be again explained by the absence of in-
terconnections between the two coupled sets of pores of KIT-6_40,
which prevents the complete pore filling by the carbon source so-
lution, or more precisely the filling of only one of the two-channel
systems, leading to uncoupled subframework formation [45].

The specific surface area was calculated with both BET (Sggt) and
QSDFT (Sprr) methods. However, in the presence of microporosity,
the BET method can be unreliable because it is difficult to distin-
guish between monolayer-multilayer adsorption and micropore
filling [43]. For this reason, Spgr is considered more reliable as the
QSDFT method takes into account heterogeneity and surface
roughness of carbon materials [46]. Sper increases at higher Tp,
whereas the pore volume is not sensitively affected by the tem-
perature of pyrolysis. Vi, increases with the increase of T, owing to
a more advanced pyrolytic degradation and reorganization of the
carbon precursor and the release of small molecules with the in-
crease of the temperature of pyrolysis [47]. It is also worthy to
highlight that the bimodal micropore size distribution (see Fig. 2f)
is composed of pores smaller than 1 nm, and the percentage of Vymp
over Vpyp is in the range of 63—70% for all the G-series of samples
(56% for the S-derived sample), determined from the CO,
adsorption-desorption isotherms at 0 °C (see Fig. 2e). The sample
from sucrose has a lower specific surface area, and particularly

important for the application, a lower micropore content. The
textural properties are summarized in Table 2. We can observe a
good agreement between the pore diameters calculated from N
physisorption and from HR-TEM images (Fig. 2 and Tables 2 and S1).
The wall thickness (b) was calculated using a geometrical model
(b = az11/2 — Dy prr) [39]. The parameter b decreases with the in-
crease of the aging temperature for silica, which conversely reflects
in thicker pore walls in the respective carbon replica. For carbon
replicas, b decreases as long as T, increases because of the phe-
nomenon of framework shrinkage [48]. Silica template removal is
considered to be successful as shown by the low residue observed
after TGA analysis (Figure S7 in SI) and the low atomic percentage of
Si (<1 at. %) from XPS survey analysis (Figure S8 and Table S2 in SI).

3.2. Physico-chemical properties

XPS analysis was performed to investigate the surface chemical
composition and the bonding state. The surface atomic ratio of C, N,
and O atoms was determined, and it is listed in Fig. 3a (and Table S3 in
SI). The XPS regions of the previous elements were selected for high-
resolution (HR) acquisitions to obtain semi-quantitative information
based on peak areas and chemical information from the deconvolu-
tion into different chemically shifted components. Carbon signal was
fitted by using three components (see Figures S9 and S12a in SI)
assigned to C—C sp® (284.3—284.7 eV), C—0/C—N (285.9—286.5 eV),

Table 2

Physicochemical properties of the ordered mesoporous materials prepared and under study in this work.
Samples az11" (nm) b° (nm) SBET (mz gil) SpFT (mz gil) Vp,DFI' (Cm3 gil) DpC (nm) Vump (Cm3 gil) Vmp (Cm3 gil) Dmpd (nm)
KIT-6_40 20.4 43 735 738 0.7 5.9 - - -
KIT-6_100 24.0 3.2 841 734 13 8.8 - - —
G_600(40) 18.6 3.1 619 779 09 52;71 0.11 0.16 0.5; 0.8
G_750(40) 18.0 2.1 673 1043 0.9 5.8; 8.0 0.12 0.17 0.5; 0.8
G_900(40) 17.8 2.1 727 1062 1.0 5.8;7.8 0.12 0.19 0.5; 0.8
G_600(100) 21.2 6.1 609 748 0.8 45 0.10 0.15 0.5; 0.8
G_750(100) 20.2 5.6 424 639 0.5 45 0.10 0.15 0.5; 0.8
G_900(100) 19.8 54 693 1069 0.8 45 0.13 0.22 0.5; 0.8
$_900(100) 194 5.0 673 783 0.8 4.7 0.09 0.16 0.5; 0.8

3 Unit cell size (ay11) calculated using the expression ay1; = v6-daq1.
b wall thickness (b) calculated by geometrical model, b = ay11/2 — Dy prr [39].

¢ Pore width (Dp,) in the mesoporous range, calculated by NLDFT and QSDFT methods for silica and carbons, respectively, applied to N, isotherms at —196 °C.
d Pore width (Dyp) of carbon samples in the microporous range, calculated by the NLDFT method applied to CO, isotherms at 0 °C.
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and C=0/C=N (286.5—287.6 eV) [49,50]. Oxygen signal (Figures S10
and S12b in SI) was fitted by using three components assigned to
C=0 (~ 531 eV),C—0 (~ 533 eV), and COOH (~ 534 eV) [50]. The N
bonding state was studied in relation to the pyrolysis temperature to
understand the effect of the thermal treatment on the development of
the different N species and their influence on CO, adsorption. The N1s
signals of NOMCs were fitted by using three components assigned to
pyridinic (N-6, 397.7—398.9 eV), pyrrolic (N-5, 399.9—400.7 eV), and
graphitic (N-Q, 401.0—401.8 eV) nitrogen-based structures [49]
(Figure S11 in SI) and graphically summarized in Fig. 3b. Accordingly,
the fraction of N-5 decreases slightly when T}, increases from 600 to
750 °C, but it decreases dramatically at 900 °C. N-6 follows the same
trend, even if the reduction is less appreciable. In contrast, N-Q is
detected in a very low concentration in the sample pyrolyzed at
600 °C, but its relative amount increases with the increment of the
pyrolysis temperature. Indeed, N-Q concentration is lower than 20%
up to 750 °C but at 900 °C becomes the most abundant species. The
evolution of nitrogen-containing moieties is ascribed to their
different thermal stability. Particularly, N-5 is less stable than N-6 and
N-Q at a higher temperature, as observed by Staficzyc et al. [51]. The
surface atomic percentage of C and O/C and N/C ratio were plotted vs.
the pyrolysis temperature in Figure S13. The surface C relative amount
increases with the increment of the pyrolysis temperature as a
consequence of the loss of heteroatoms [52]. In the T, range
600—900 °C, the N/C content decreases, whereas O/C remains almost
constant, consistently with the findings of Gehring et al. [52].

The thermal stability under air was assessed by TGA up to
800 °C. No significant weight loss is visible until 550—580 °C,
therefore the samples are thermally stable under degassing con-
ditions (500 °C in inert N, atmosphere, Figure S8 in SI), which is
remarkable for an OMC material.

3.3. CO; adsorption measurements

The isosteric enthalpy of adsorption AH,qs and Henry's con-
stant Ky were calculated from the adsorption isotherms in pure
CO, to assess the intensity of the interaction between the gas
and the adsorbents. AH,qs decreases as a function of surface
coverage (Figure S14) because the adsorption occurs initially at
the higher energy sites [53,54] and the steeper AH,q4s drop is, the
larger the energetic heterogeneity of the adsorption sites. AH,qs
at low coverage lies in the range of 33—40 k] mol~! for all the
samples, which is attributable to a physisorption mechanism (—
25 to — 50 k] mol™') [55], then well-fitting with the range of
30—50 k] mol~! is considered optimal for a good balance be-
tween adsorption and ease of regeneration [56,57]. Henry's
constant (Ky) and the virial coefficients C; e C; were also
calculated from the CO, isotherms at 0 °C (Figure S15) and listed
in Table S4 in SI. Sample S_900(100), lacking N, or the samples
pyrolyzed at 900 °C show lower values of Ky compared with
those pyrolyzed at 600—750 °C. This is the evidence of the
relationship between the nitrogen content and the strength of
CO,-adsorbent interaction. The samples with a higher N content,
particularly in the pyridinic form, have a higher Ky, because they
can interact strongly with CO, [58],

A preliminary study of the sample performances was carried out
from the observation of the adsorbed amounts in pure CO, at — 10,
0, and 10 °C at an absolute pressure up to 1 bar using a volumetric
sorption analyzer. The amounts of CO; adsorbed by the samples at
each temperature are reported in Table S5 in SI. G_900(100) shows
the highest CO; adsorption capacity in these conditions associated
with the highest micropore and ultra-micropore volumes. Differ-
ently, the N-lacking homologous S_900(100) sorbent has the lowest
adsorption. This result confirms that the use of glucosamine as a
carbon source instead of sucrose enhances the CO, uptake in this

Materials Today Sustainability 17 (2022) 100089

family of ordered mesoporous materials, through the simultaneous
increase of microporosity and nitrogen inclusion. Interestingly, the
adsorption loss, observed by increasing the adsorption temperature
from — 10 to 10 °C, follows the pyrolysis temperature order of
750 < 600 < 900 °C, and the highest drop is found in the S-derived
sample. This observation suggests that the beneficial effect of ni-
trogen in improving CO, adsorption and selectivity gains a crucial
role against microporosity at a temperature close to RT [59].

Similar results were achieved in pure CO, adsorption mea-
surements at 30 °C and up to 90 kPa (0.9 bar) performed using a
gravimetric sorption analyzer. A maximum weight increase of 6.5%
(1.47 mmol g~ ! of adsorbed CO,) is achieved by sample G_900(100)
at 90 kPa (Fig. 4). In general, the micropore and, in particular, the
ultramicropore volume strongly influences pure CO, adsorption in
the range of investigated temperatures [60].

To investigate the effect of the type and amount of N inclusions,
but excluding the contribution of microporosity, the CO, adsorbed
amount normalized over the micropore volume (COy ads./Vpp,
mmol cm~3) was correlated with the overall XPS surface N content
and each N species for all the G-derived samples, accordingly to the
procedure already used by Sanchez-Sanchez et al. [59].

The experimental data were fitted with a linear function (see
Fig. 5), and both the nature and the intensity of the contribution of
each species in CO, adsorption were estimated from the slope of
the trend line. Generally, we can state that the increment of the
overall surface nitrogen content on the carbon surface has a
beneficial effect, as indicated by the positive slope of the trend line
(Fig. 5a) and in agreement with the results of Li et al. [26]. N-6 and
N-5 enhance the CO, adsorption (Fig. 5b and c), even if to a different
extent. Indeed, from the comparison of the values of the slopes,
both N-5 and N-6 positively participate in the CO, adsorption, but
the highest contribution to the adsorption is owing to N-6. N-6 and
N-Q interact more easily with CO, owing to their higher basicity
compared with pyrrolic moieties [61]. N-5 promotes the adsorption
of CO, through hydrogen-bonding-like interactions occurring be-
tween the positively charged hydrogen bonded to the nitrogen
atom of the pyrrolic moiety and the oxygen atom of CO, [62], which
is a weaker interaction than the Lewis acid-base one occurring in N-
6 and N-Q [61].

As reported by Lim et al. [61], CO; is adsorbed onto the surface of
quaternary nitrogen-containing carbon with an angle of up to
179.93, whereas the presence of N-5 structures leads to the align-
ment of CO, and N—H on an axis. Accordingly, this last interaction
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Fig. 4. Pure CO, adsorption at 30 °C up to 90 kPa performed using a gravimetric
sorption analyzer.
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(H-bonding) prevents an efficient w— stacking between CO, and
the graphitic carbon orbital system owing to geometrical constrains
as occurs in the case of N-Q. In principle, also N-Q should increase
the affinity for CO, when compared with the bare carbon surface
[62]. However, in this specific case, CO2ads/Vimp decreases with the
increase of N-Q (Fig. 5d), which is likely ascribed to the less
abundant total concentration (mmol g~!) of N-Q species when
compared with N-5 and N-6. Moreover, the N-Q concentration in-
crease is related to the decrease of N-6 and N-5, which contributes
to CO, adsorption in a stronger or comparable extent, respectively
[61]. Nevertheless, the highest concentration of N-Q coincides with
the higher content of micropores and ultra-micropores, which
strongly contributes to CO, adsorption, particularly at lower tem-
perature. The simultaneous presence of both nitrogen and oxygen
atoms could also positively affect the CO, adsorption performances
of the material [63]. The interaction mechanism during the CO;
adsorption is mainly owing to the dipolar interactions as in the case
of nitrogen-based materials even if the adsorption is mainly owing
to nitrogen species, as previously reported by Wu et al. [64].

TGA measurement was performed at 35 °C and 1 bar exposing
the samples to a mixture composed of 20 vol% CO, and 80 vol % of
N, to evaluate the competitive adsorption of these two gases; re-
sults are shown in Fig. 6a and b. Temperature and gas composition
conditions were chosen to be similar to a typical exhaust gas [65].
The condition scheme used to perform these experiments is shown
in Figure S1 in SI. The observed sample weight increase is related to
CO; adsorption (Fig. 6b and Table 3). However, the amount of
adsorbed CO, in these conditions is lower if compared with the

values obtained on the measurements performed under pure CO,.
The generic decrease of CO, adsorption is ascribed to both the in-
crease of the tested temperature, typically observed for a phys-
isorption process [25], to the lower partial pressure of CO; in the
gas flow, and to the slight amount of adsorbed nitrogen considered
in the initial mass, that will be partially replaced by CO, owing to
the preferential adsorption of CO, as compared with Nj. The
beneficial effect of nitrogen content in carbon samples is more
significant when adsorption occurs at higher temperature and in a
mixed CO,/N; gas atmosphere. Indeed, G_600(Z) and G_750(Z)
samples here match or outperform G_900(Z) series of samples,
which in contrast demonstrated enhanced performance under pure
CO; adsorption conditions in the temperature range from — 10 to
30 °C. The improved selectivity is attributed to the higher surface N
content and, particularly, to the superior concentration of
pyridinic-N inclusions. Lim et al. [61] actually demonstrated that N-
6 is particularly effective in selective adsorption, not only for the
strong affinity for CO, but also for the high adsorption energy dif-
ference between CO, and N». Indeed, higher CO, adsorption values,
equal to 3.6 and 3.5% weight increase (0.82 and 0.80 mmol g~
respectively), are reached by the samples G_600(40) and
G_750(40), respectively, which in these conditions outperform
G_900(100), being the most performing sample in pure CO,. N-
lacking sample S_900(100) again shows the lowest performance in
terms of CO, adsorption and selectivity. The adsorbed amounts and
the percentage of released CO, in pressure swing adsorption (PSA)
conditions are listed in Table 3. The adsorption capacity and
selectivity results are consistent with the calculated Ky values (see
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by TGA in Figure S1 in SIL

Table S4 in SI). It is interesting to observe that almost all the
adsorbed CO; is released in PSA (Fig. 6a), that is, only exposing the
sample to a flow of N, without heating. The percentage of CO;
released under PSA conditions appears to be inversely related to N
content. Then, heating was applied to remove CO, adsorbed in the
most energetic sites. At temperatures <150 °C, most of the adsor-
bed CO, is released.

To properly compare our work with other literature reports, the
CO3/N; selectivity on the most selective sample (viz., G_600(40))
was also evaluated as per the widely used IAST. Single-component
adsorption isotherms of CO, and N, were performed in the same
condition (at 30 °C, from 0 to 90 kPa) (see Fig. 7a).

As can be observed from the isotherms in Fig. 7a, the Ny
adsorbed amount is much lower than the CO, one in the whole
pressure range (0.20 and 1.18 mmol g~! at 90 kPa, respectively);
this confirms the high CO;/N; selectivity of the G-series of samples.
Siast calculated on the G_600(40) sample lays in the range 37-24
(for a gas mixture composed of CO2/N, = 20:80, see Fig. 7b) or 52-
34 (for a gas mixture composed of CO2/N, = 15:85, see Figure S16 in
SI) in the tested pressure range (0—90 kPa).

Reusability of the sorbents was assessed by pure CO, adsorption
measurements at 30 °C and at 20 kPa (0.2 bar), regenerating the
sorbents under temperature swing adsorption (TSA) conditions, by
heating up to 150 °C between two consecutive cycles (Fig. 8a).
Generally, the highest loss in adsorption performances (see Fig. 8b)
occurs between the first and the second cycle, thus a certain
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amount of CO, cannot be desorbed at 150 °C, likely because
strongly bonded or remained trapped inside the narrowest mi-
cropores. After the second cycle, the adsorbed amount is almost
unvaried, proving that the sorbents can be reused without losing
their performances and, in addition, be sufficiently regenerated
under mild conditions.

To enlighten even more the quality and positive characteristics
of the glucosamine-derived NOMCs prepared and characterized in
this work, we here compare their performances with the most
significant literature reports (see Table 4), which we consider to be
similar in terms of overall physicochemical features and compara-
ble chiefly in terms of selective CO, adsorption in CO,/N, gas
mixtures. The first three entries of Table 4 refer to OMCs/NOMCs
developed in this work, namely, the undoped carbon sample
S$_900(100), and the most performing NOMCs in terms of pure CO;
adsorption or CO,/N, separation, viz. G_900(100) or G_600(40),
respectively. It is worth noticing here that, owing to the heteroge-
neity of the testing conditions, we found it difficult to carry out a
direct comparison among all the literature reports; actually,
although a reliable evaluation of separation ability should be real-
ized via gas mixture measurements [66], most of the research ar-
ticles determine selectivity using single-component adsorption
isotherms, by Henry's constant ratio, initial slopes (IS) of the
adsorption isotherms (see references [ [67]), or the IAST (see ref-
erences [68—71]). In terms of testing conditions, a complete com-
parison can be performed only with the work of Garcia-Diez et al.
[25]: both the NOMC samples developed in our work demonstrate
slightly enhanced selectivity in CO»/N2 mixtures (20/80 v/v) [25].
Remarkably, in our work, adsorption is performed at a higher
temperature (35 °C vs. 25 °C in the literature counterpart), and no
post-treatments for porosity modification are carried out.
However, to allow a wider comparison with most literary works,
Siast was calculated for the sample G_600(40) in a gas mixture
composed of 15% of CO, and 85% of N, (see Figure S16 in SI). The
most selective sample synthesized in our work (viz. G_600(40))
reports Sjast within the range of 52-34 (0—90 kPa), perfectly in
agreement with the works of Vorokhta et al. [68], Wan et al. [69]
and Liu et al. [71] included in our comparison. In terms of pure CO;
adsorption, even if this condition does not represent the key pur-
pose of our work, G_900(100) shows comparable CO, adsorbed
amounts under similar adsorption conditions compared with the
sample a-NOMC reported by Chang et al. [30]. Anyway, in the latter
literature report [30], nitrogen groups were introduced via
ammonia heat treatment and amine refluxing, whereas in this
work, no post-treatments are carried out. Samples OMC-20-80-24-
700 [67], NOMC-L-0.5 [69], CN-0.45 [28], 0.52@PEI-AOMC [70],
CMK-3 [68] and N-OMC-750 [71] seem to outperform our synthe-
sized OMCs/NOMCs in terms of pure CO; adsorption. However, as a
general drawback, the previously cited studies used toxic carbon
sources and/or additional activation steps for the adjustment of
microporosity. On the contrary, here we show that adsorbents with
abundant and tailored porosity can be readily prepared by the
nanocasting procedure, without requiring any further activation

Table 3

Adsorption and desorption analysis of mixed CO,/N, adsorption tests by TGA.
Samples Mass CO, ads Released

change (%) (mmol g~ 1) CO, in PSA (%)

G_600(40) 3.6 0.82 55.6
G_750(40) 3.5 0.80 72.6
G_900(40) 2.9 0.66 80.3
G_600(100) 3.1 0.71 67.8
G_750(100) 3.1 0.70 81.2
G_900(100) 33 0.74 829

S_900(100) 1.9 0.43 93.7
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Details on Siast calculation in SI.

steps. Moreover, glucosamine hydrochloride, acting concurrently as
both the carbon and the nitrogen source, allows the direct incor-
poration in a single step of the crucial N functionalities, bypassing
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Fig. 8. Reusability tests of G-series of NOMCs under repetitive adsorption (30 °C) -
desorption (150 °C) cycles at 0.2 bar: (a) amount of CO, adsorbed and (b) regeneration
efficiency over cycling.
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time/energy consuming ammonia post-treatments or amine
refluxing processes. Glucosamine hydrochloride itself is a non-toxic
and potential natural occurring source of carbon; hence, it shows
highly promising prospects as a suitable raw material for biomass
valorization in a circular economy loop. Finally, it is fair to underline
that in this work the activation step before CO, adsorption mea-
surements is performed at a higher temperature compared with
the studies listed in Table 4. Therefore, regeneration conditions can
be considered as a margin for improvement in this research, to
make sorbents reuse more feasible from the energy consumption
point of view.

4. Conclusions

p-glucosamine hydrochloride was successfully explored for the
first time as a sustainable C/N precursor for the synthesis of
NOMCs obtained through the nanocasting technique and specif-
ically conceived for selective CO, adsorption. The applied method
enabled the accurate design of the pore characteristics through the
convenient choice of the KIT-6 silica hard templates and the
adjustment of the carbonization process. The effect of the pyrolysis
temperature on the development of microporosity and of the
different types of nitrogen inclusions was also accurately investi-
gated. XPS analysis was used to identify the nitrogen species
(pyridinic, pyrrolic, and graphitic nitrogen-based structures), which
were formed during the thermal treatment; their respective
contribution on CO, adsorption and selectivity in CO,/N; mixtures
(20/80 v/v) was investigated.

The obtained results revealed that an enhanced micropore
content, related to the higher pyrolysis temperature (900 °C), was
effective in enhancing adsorption capacity in pure CO; flow. On the
contrary, the lower pyrolysis temperature (600 °C) allowed for the
retention of a higher amount of N inclusions in the carbon frame-
work, mainly in the form of pyrrolic-N and pyridinic-N, the latter
being particularly beneficial for improving the selective adsorption
of CO,. Specifically, a maximum CO, adsorption capacity of
1.47 mmol g~! was achieved by the sample G_900(100) at 30 °C/
0.9 bar/pure CO,, whereas a CO, uptake of 0.82 mmol g~! was
obtained by the sample G_600(40) at 35 °C/1 bar/20% CO,. In
addition, reusability tests remarkably showed good -capacity
retention on reversible and repetitive adsorption-desorption cy-
cles. The maximum adsorption loss was registered between the
first and the second cycle, which was ascribed to an insufficient



L

Table 4
Comparison of the performance in terms of CO,/N; separation of OMCs/NOMCs developed in this work with the most significant literature reports,>cd-efeniiklm
Materials REF Samples REF Synthesis Precursors N content CO, capacity mmol-g~!  Selectivity CO»:N, Tads Pags bar  Tacet
% °C °C
OMIC this work $_900(100) HT.! Sucrose - 0.43 (CO4:N, = 20:80) — 35 1 300
0.97 (100% CO3) - 30 0.9
NOMC this work G_900(100) HT.! Glucosamine hydrochlor.  7.2° 0.74 (CO:N, = 20:80) — 35 1 300
1.47 (100% CO3) - 30 0.9
NOM(C this work G_600(40) HT.S Glucosamine hydrochlor. 12.4% 0.82 (CO4:N, = 20:80) — 35 1 300
1.18 (100% CO,) 52:1—34:1° (CO5:N, = 15:85) 30 0.9
NOMC (CMK-3) [25] OMCreo CA 4:1850 HT.+ CA® Creosote 0.37° ~0.7 (CO3:N; = 20:80) - 25 1 120
OMCreo Pat 48% HT.+ PAP 2.39° ~0.6 (CO2:N; = 20:80) —
OMC (CMK-3) [68]  CMK-3 HT.! Furfuryl alcohol - 1.7 (100% CO3) - 20 1 200
_ 35.2:1—38:1° (CO4:N, = 15:85) 20—50
Single crystal OMC-20-80-24-700 One-pot self-assembly Resorcinol, 0.78° 2.78 (100% CO5) 29:1¢ 25 1 200
NOMC [67] HMT, urea,
ammonia
NOMC [69] NOMC-L-0.5 S.T. Resorcinol, 2.5° 2.50 (100% COy) 43:1° (COz:N, = 15:85) 25 1 120
3-aminophenol,
I-lysine
NOMC [30] a-N-OMC S.T. Sucrose, 2.56" 1.41 (100% CO,) m.i.° (CO2:N, = 10:90) 35 1 120
ammonia,
TEPA"
NOMC [28] CN-0.45 ST Resorcinol, 2.97° 2.71 (100% CO5) 28:1¢ 25 0.95 150
HMT/,
EDA'
NOMC [70] 0.52@PEI-AOMC ST Phloroglucinol 21.58" 2.58 (100% CO,) 64:1° (CO4:N; = 10:90) 30 1 180
formaldehyde
resol,
PEIITI
NOMC [71] N-OMC-750 ST Terephthalaldehyde, 6.53" 1.64 (100% CO,) 54.0:1° (CO2:N, = 15:85) 25 0.15 150
m-aminophenol,
F127, urea

[ T -V - )

3

Determined by XPS (at. %).
Determined by elemental analysis (wt. %).

Determined by initial slope (IS) method.
m.i. denotes missing information.

H.T. is for hard template.

C.A. is for chemical activation.

P.A. is for physical activation.

S.T. is for soft templating.

HMT is for hexamethylenetetramine.
TEPA is for tetraethylenepentamine.
EDA is for ethylenediamine.

PEl is for poly(ethyleneimine).

Determined by ideal adsorption solution theory (IAST) method.
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regeneration temperature (150 °C) rather than an efficiency loss by
the adsorbents.

In summary, the use of glucosamine hydrochloride as an
environmentally friendly carbon/nitrogen source enabled the
preparation of selective and high-performing ordered meso-
porous CO, adsorbents, with remarkable features of sustainability
and regenerability. The newly developed NOMCs outperformed
the undoped analogs obtained from sucrose and are amongst the
most significant literature reports, chiefly in terms of selective CO,
adsorption. The obtained results demonstrate that proper com-
bination of the suitable C/N precursors, the synthesis conditions,
and the pore architecture are highly effective in obtaining high
performing, sustainable, and reusable CO, sorbents, without any
need for time/energy consuming activation steps or N-doping
post-treatments.
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