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The optimization of activated carbons (ACs) for CO:z adsorption is a critical challenge in carbon capture tech-
nologies, and a precise control over porosity and surface chemistry is needed to develop high-performance ACs.
This study explores the effects of activation conditions on the microporosity and surface chemistry of ACs derived
from sucrose, highlighting the synergistic role of KOH and urea in a one-step activation process. The combined
use of KOH and urea significantly enhances CO- uptake (up to 7.36 mmol g ! at 0 °C and 740 Torr) by promoting
the formation of ultra-micropores (<0.7 nm) and incorporating N- and K-based adsorption sites. Furthermore,
urea plays a crucial role in preventing the formation of residual potassium carbonate occurring for activation
temperature < 700 °C, thereby improving the efficiency of KOH activation at low activation temperature and
ensuring a well-developed porous network favourable for CO: capture. KOH/urea activated carbons show a COz:
Nz selectivity of up to 61 at 20 °C in a 15:85 CO2:Nz mixture, outperforming the materials activated using KOH-
only in post-combustion conditions. These findings provide fundamental insights into the mechanisms governing
KOH/urea co-activation and offer a scalable, cost-effective strategy for designing high-performance ACs in in-

dustrial CO: capture applications.

1. Introduction

Carbon capture and utilization represents a viable solution to miti-
gate rising greenhouse gas concentrations. Fossil fuel combustion is
considered a major contributor to atmospheric CO: accumulation;
therefore, various strategies can be applied to capture CO: in post-
combustion flue gases, such as amine scrubbing, membrane separa-
tion, and solid sorbent adsorption. This latter technology offers the ad-
vantages of low preparation and regeneration costs, ease of use, and the
absence of corrosion. Different classes of solid sorbents have been used
for COy adsorption, including zeolites, metal-organic frameworks
(MOFs), and porous activated carbons (ACs). ACs have attracted wide
attention due to their easy synthesis, tunable porosity, high hydropho-
bicity, and low cost. ACs are typically prepared through physical or
chemical activation of raw materials, such as biomass, coke, resins, etc.
Chemical activation generally yields ACs with enhanced microporosity,
while physical activation typically produces materials with a higher
proportion of mesopores [1]. Significant efforts have been spent to
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synthesize chemically activated ACs characterized by narrow micropo-
rosity, since ultra-micropores (i.e. pores smaller than 0.7 nm) are known
to be more efficient in capturing CO,, leading to higher CO, density in
the adsorbed phase [2-4].

In designing a procedure for the preparation of ACs for CO: capture,
the choice of the carbon precursor is undoubtedly a key factor that must
ensure the cost-effectiveness of the process. Cheap biomass (e.g. rice
husk, coconut shell, etc.) is extensively used as a carbon precursor in the
preparation of ACs, but generally requires a two-step high-temperature
process [5-9]. The first step involves the pyrolysis of biomass at T =
500-900 °C under an inert gas leading to a biochar; in the second step,
the resulting biochar is mixed with chemically activating agents (e.g.
KOH [7] or H3PO4 [9]) and heated under inert atmosphere at T =
600-1000 °C. On the other hand, various polysaccharides can be used as
precursors in one-step syntheses, which at most involve a preliminary
low-temperature dehydration, leading to a significant reduction in en-
ergy costs [10-13]. Actually, catalytic low-temperature dehydration of
sucrose has proved an effective strategy for the preparation of a carbon-
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rich precursor suitable for chemical activation [14-16].

As for activating agents, KOH is probably one of the most used
[5,17-20]. For instance, He et al. [5] used KOH and chitosan to activate
a biochar previously obtained by carbonization of rice husk; the re-
ported CO-, uptake at 0 °C and 760 Torr was 5.83 mmol g~. Wang et al.
[17] showed that activation with KOH of pyrolyzed celtuce leaves yields
an AC with remarkable CO, adsorption at 760 Torr (6.04 mmol g~! at
0 °C). KOH activation at pre-carbonized cupuassu shells led to
microporous-activated carbon showing outstanding CO, uptake at 760
Torr (4.4 and 7.8 mmol g’1 at 25 °C and 0 °C, respectively) [18]. Even
more interestingly, Li et al. described a novel synthesis method
involving autogenic pressure carbonization and KOH activation for the
preparation of porous carbon derived from polyethylene terephthalate
(PET) waste, achieving exceptional CO: uptake at 760 Torr (4.44 mmol
g 1 at 25°C) [19].

The fundamental processes involved in KOH activation, and their
dependence on synthesis variables (e.g. nature of the precursor, KOH/
precursor ratio, activation temperature, sweep gas flow rates) have been
widely investigated [21-24]. The generally accepted mechanism con-
sists of several reactions that become spontaneous at different temper-
atures. The reaction between KOH and the precursor starts at T > 570 °C
according to reactions (1) and (2):

6 KOH + 2C5)—2 K, + 3Hyg) + 2K>COsy ey
X
4 KOH, + 2CHx = K205 + (2+7 ) Hagg) + K2COs(g )

T > 700 °C are required for the reaction of KoCO3 and K30 with the
carbon matrix, according to Egs. (3)-(5):

K2C03(s)—>K20(5) + COz(g) (3)
K2COs) +2C()—2 Ky +3COyg 4
2K30 + C)—2 Ky + COyq 5)

It is widely recognized that the intercalation of metallic K —
generated through reactions (1)-(5) — into the spaces between gra-
phene layers plays a crucial role in the porosity development in various
carbon materials [25-27]. During activation, metallic K can penetrate
the carbon matrix and transfer an electron to the carbon's n-electronic
network, leading to the formation of donor-type graphite intercalation
compounds [26]. The intercalated K could be also associated with ox-
ygen functionalities within the carbon matrix via the formation of quasi-
chemical bonds of the C-O-K type [25]. The role of intercalated K in
enhancing both CO: adsorption uptake and strength is not always fully
considered [28]. Indeed, several activation procedures include a thor-
ough final washing step with HCI solution, mainly aimed at removing
impurities (e.g K2COs) generated during the process [4,13-15]. This
washing step is often essential for optimizing the ACs porous properties,
but it may also remove some framework K species responsible for elec-
trostatic interaction of the carbon surface with COy [25].

Several non-metals such as N, S, and P have also been investigated as
heteroatoms capable of enhancing the adsorptive properties of ACs
[8,13,31,32]. For instance, N and S co-doped porous carbons derived
from phenol-formaldehyde resin showed exceptional potential for se-
lective CO; capture [31]. One of the most common strategies to enhance
CO2-AC interactions is to increase the basicity of the carbon framework
by introducing N-heteroatoms, which can anchor the electron-deficient
carbon atom of CO: through Lewis acid-base interactions. In particular,
pyridinic and pyrrolic groups are often considered the most effective N
functionalities for enhancing CO- adsorption properties, as they exhibit
a Lewis basic character (pyridinic-N donates one electron to aromatic
n-system while pyrrolic-N offers 2p -electrons) [33,34]. In this context,
urea is one of the most common N-dopants used to prepare N-enriched
precursors, which, in turn, are activated with a chemical agent
[11,35-38]. One-step processes involving only one high-temperature
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thermal treatment are however desirable given their lower prepara-
tion cost and easy scalability [30,39].

In this work, we investigated the activation of sucrose-derived char
for the preparation of ACs with enhanced CO: adsorption uptake. First,
we optimized the KOH-to-char (K/C) ratio to achieve an optimal
micropore size distribution, then explored the combined KOH/urea
activation to introduce both K- and N-surface moieties into the resulting
ACs. Unlike previous studies, which typically rely on two-step processes
or pre-carbonized biomass, this work demonstrates a simple and scal-
able one-step synthesis starting from sucrose, achieving high CO2 uptake
while preserving surface functionalities relevant to adsorption perfor-
mance. The role of these species in enhancing the interaction energy,
CO2/N: selectivity, and CO, uptake was demonstrated. Importantly, we
provide evidence for the role of residual K-based species in enhancing
CO: affinity, a contribution often underestimated in the literature due to
their removal during acid washing treatments commonly applied to
optimize textural properties. This work provides significant insights into
the KOH and urea activation mechanisms in a one-pot synthesis, offering
a deeper understanding of the complex interactions that govern the
process.

2. Materials and methods
2.1. Synthesis of ACs

2.1.1. Preparation of the char

A Petri dish containing an aqueous solution obtained by mixing 10
mL Milli-Q water, 5 g sucrose (Merck, > 99.5 %), and 20 pL sulfuric acid
(Fluka 95-97 %) was placed into an oven, and kept first at 100 °C (3 h)
and then at 160 °C (3 h). This thermal treatment follows a typical pro-
cedure reported in the literature [40], in which the initial heating at
100 °C favours the concentration of the reaction mixture, while the
subsequent step at 160 °C induces catalytic dehydration of sucrose. The
obtained char (about 2.5 g), hereinafter referred to as CS, was ground in
an agate mortar and used for the following preparations.

2.1.2. Synthesis of the CS-X and CS-KX series

A portion of CS was directly pyrolyzed in a tubular furnace under N2
flow (flow rate: 500 mL/min; heating rate: 10 °C min™Y) at 600, 700, or
800 °C, yielding a set of non-activated samples (CS-X, where X = 6, 7, or
8 for T = 600, 700, and 800 °C, respectively). Low burn-off were
measured for these samples (i.e. 10-15 wt%). For the preparation of the
CS-KX series, the char was soaked into KOH solutions, with KOH to char
weight ratios (hereafter indicated with the notation K/C) equal to 0.5,
1.0, and 1.5. After evaporation, the samples were carbonized at different
activation temperatures Tyt (X = 6, 7, or 8 for Ty = 600, 700 and
800 °C, respectively) under Ny flow (flow rate 500 mL/min, heating rate
10 °C min~1). The resultant ACs were washed with ca. 200 mlL Milli-Q
water, and dried overnight. Only the most significant results, predomi-
nantly related to the samples prepared with K/C = 1.0, are reported in
Section 3. Therefore, unless specified otherwise, the acronym CS-KX
refers to samples prepared with this K/C ratio. Furthermore, one
representative sample (CS-K7-W) was washed with HCL 1.0 M to
investigate the effect of washing conditions.

2.1.3. Synthesis of the CS-KUX series

For the preparation of the CS-KUX samples, the char was soaked into
solutions of KOH and urea, with KOH/urea/char weight ratios of 1:1:1.
After evaporation, the samples were carbonized at different tempera-
tures (X = 6, 7 or 8 for T,y = 600, 700 and 800 °C, respectively) under
Ny flow (flow rate 500 mL/min, heating rate 10 °C min~1). The resultant
ACs were washed with ca. 200 mL Milli-Q water, and dried overnight.
Additional samples were prepared with urea only (CS-U8) or replacing
KOH with K3CO3 (CS-KCU6 or CS-KCU7). In the latter case, a K2COs/CS
ratio of 1.2 was used to ensure the same K amount as in KOH activation.

The burn-off % of all the samples was measured from the initial mass
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of CS char and the final mass of AC, according to Eq. (6)

100 e masscs) — 100 @ massac,

Burn — off% =
ff masscs

(6)

The carbon yield can be readily estimated as the difference between
100 % and the burn-off value.

2.2. Characterization

X-ray Diffraction (XRD) patterns of the powders were measured on
an X'Pert Philips diffractometer (PANalytical B.V.), using Cu Ka radia-
tion (A = 1.5415 ;\) in the 10°-60° 20 range (step width = 0.02° 26; time
per step 5 s).

Microtopography and chemical composition of the samples were
investigated by Field Emission Scanning Electron Microscopy (FESEM).
Images were acquired on a Zeiss Merlin microscope with a Gemini-II
column. The instrument is equipped with an Energy Dispersive X-ray
(EDX) probe used to determine the samples chemical composition by a
raster scan of ~ 500 pmz of sample surface (the average values of three
different areas are reported in Table 1).

High-resolution transmission electron microscopy (HRTEM) images
were collected in a Talos F200X (Thermo Fisher Scientific) operated at
its maximum acceleration voltage of 200 kV, while Energy dispersive X-
ray Spectroscopy (EDX) spectra and maps were obtained in the same
machine operated in Scanning transmission electron microscopy (STEM)
mode to detect any presence of aggregates or any heterogeneous
elemental distribution in the sample. Sample preparation was realized
by means of a dual-beam machine combining a focused ion beam (FIB)
with a field emission scanning electron microscope (SEM) in the same
vacuum chamber. The machine (Solaris X, Tescan) was equipped with a
plasma source generating a beam of Xenon ions accelerated at energies
up to 30 keV. After cutting a small lamella-shaped portion of the sample
from a larger chunk, the portion was transferred and glued to a standard
TEM Cu lift-out grid (Omniprobe 3-pins lift-out grids) using the
machine-embedded nanomanipulator. All gluing processes were made
using ion beam-induced Pt deposition using local decomposition of an
organic precursor injected into the dual-beam machine vacuum cham-
ber. Final polishing of the thinned portion was made with a gentler
beam, after decreasing Xe ions energy down to 3 keV to minimize
eventual damaging and distortion of any eventual crystalline structure
in the material.

X-ray Photoelectron Spectroscopy (XPS) measurements were con-
ducted on a PHI 5000 Versaprobe spectrometer equipped with a
monochromatic Al Ka (1486.6 eV) X-ray source. An electron gun and an
Ar" gun were used as charge compensation system. The spot size was
100 pm and the pass energy was set at 187.85 eV and 23.5 eV for the
acquisition of survey and high-resolution scans, respectively. The
spectra were processed using CasaXPS software (v2.3.23, Casa Software
Ltd).

Thermogravimetric analysis (TGA, Mettler Toledo 1600) was run
under flowing 50 mL/min synthetic Air. After an initial isothermal step
at 25 °C (1 h), samples were heated from 25 to 800 °C with a constant
heating ramp of 10 °C min~!.

Ny (SIAD, 99.9995 % purity) adsorption/desorption isotherms were

Table 1
Elemental composition as measured by EDX. Surface composition as measured
by XPS is reported in brackets.

Sample C (At.%) O (At.%) K (At.%) N (At.%) S (At.%)
CS-K8 93.6 5.8 0.4 0 0.2
CS-K7 81.4 15.2 3.2 0 0.2
CS-K6 83.9 13.5 2.4 0 0.2
CS-KU8 94.0 (88.2) 3.1(7.9) 0.4 (1.6) 2.4 (2.4) 0.1
CS-KU7 85.2 (84.7) 9.8 (11.0) 1.8 (1.8) 3.1(2.5) 0.1
CS-KU6 78.7 (78.2) 11.8 (13.7) 2.2(2.2) 7.1(5.9) 0.2
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measured at the nominal temperature of —196 °C (77 K), on ca. 100 mg
powder sample previously outgassed at 250 °C for 5 h to remove water
and other atmospheric contaminants (Micromeritics ASAP 2020Plus).
Specific surface area (SSA) was calculated according to the BET (Bru-
nauer-Emmett-Teller) method; the total pore volume (Vror) was deter-
mined from the adsorbed amount at P/P® = 0.98; micropore volume
(Vmp(e-ploty) Was calculated by applying the t-plot method; the pore size
distribution was calculated by applying the NLDFT (Non Linear Density
Functional Theory) method for carbon slit pores.

2.3. COy Adsorption measurements

CO3 (SIAD, 99.995 % purity) adsorption isotherms at 0 °C (273.15
K), 10 °C (283.15 K, only on CS-KUX samples), and 20 °C (293.15 K)
were measured on ca. 100 mg powder sample previously outgassed at
250 °C for 5 h to remove water and other atmospheric contaminants
(Micromeritics ASAP 2020Plus equipped with an Iso-controller unit for
temperature control). The same instrument and procedure were used to
measure N, adsorption isotherms at 20 °C, which were employed for
Ideal Adsorption Solution Theory (IAST) selectivity determination.

To verify the possible presence of irreversibly adsorbed CO2, two-run
experiments were conducted at 0 °C on the activated sample. After the
first adsorption run, the samples were outgassed at room temperature
(for 1 h) and subsequently underwent a second adsorption run, in which
only reversible physisorption occurs.

CO, isotherms at 273.15 K were also used as a probing tool to
determine the micropore volumes (Vypp.r)) using the Dubi-
nin-Radushkevich (D-R) method (Eq. (6)) [41-43].

A 2
() ®
where V and V,, are the filled volume and micropore volume determined
at a constant temperature (T) and a relative pressure (P/PO), A=RTIn
(P°/P) and Ej represent the characteristic energy, and f is the CO3 af-
finity coefficient (0.35).

From COs adsorption isotherms recorded at T; = 273.15 K and Ty =
293.15 K, the corresponding values of isosteric heat of adsorption Qg =
— AH,q4s were obtained through the Clausius-Clapeyron equation (Eq.
(7)) [44],

dpl - _ AHu
ne  RT?

V = V,exp

oT )

which, in the present case, assumes the following expression (Eq. (8)):

Qu(Nas) =R e In (%) (Tl ° T2> —33.275 (kfmol ' ) e In (;%) ®)
T2 — T]

1 1

For the most relevant samples (CS-KUX), the isosteric heat of adsorption
was calculated using three different temperatures (273.15 K, 283.15 K,
and 293.15 K), to ensure reliable results.

CO2/N; adsorption selectivity at 20 °C (for a mixture composition
CO2:Ny = 15:85) was calculated with IAST [45]. The adsorption selec-
tivity is given by Eq. (9):

qCO2/qN2

IAST Selectivity = ——————
Y= bCO, /N,

©)

where g represents the mole fractions of the components in the adsorbed
phase, while p is used for bulk phase.

The breakthrough flue-gas separation experiments were carried out
on a home-made apparatus [46], consisting of a U-shaped quartz reactor
equipped with three Brooks 5850S mass flow controllers, a Carbolite
TF3 tubular furnace, and an Emerson X-STREAM continuous gas ana-
lyser to monitor the CO:2 concentration in the outlet stream. Approxi-
mately 200 mg of sample were first degassed under vacuum at 250 °C for
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5 h using the degassing station of the ASAP 2020 instrument, to accu-
rately determine the mass of the degassed sample. The sample was then
transferred to the quartz reactor and subjected to an additional pre-
treatment at the same temperature (250 °C) under a N3 flow of 50 mL/
min. After cooling to 30 °C, dynamic CO2 adsorption was investigated
under isothermal conditions at atmospheric pressure. The experiment
started by switching the feed gas from pure N to a mixture of 20 % CO:
in N2 (20 mL/min). The composition of the outlet stream was monitored
until saturation was reached. The dynamic CO2 uptake of the ACs was
calculated by integrating the breakthrough curves after subtraction of
dead volumes as determined in blank experiment (i.e. integration of
measured breakthrough curves on an inert fixed bed under the same
conditions).

3. Results
3.1. Materials characterization

3.1.1. X-ray diffraction

The graphitization degree of prepared ACs were analysed by powder
X-ray diffraction (XRD), and the obtained patterns are shown in Fig. 1.

The set of samples synthesized without any activating agent (CS-X)
displays the common pattern of amorphous carbons with a low degree of
graphitization [14]. Two broad peaks around 22° and 43° 20 are
observed, corresponding to the reflection of the (002) planes and the
overlapping reflections of the (100) and (101) planes of graphite,
respectively [47]. The increase in carbonization temperature results in a
slightly higher degree of graphitization, as evidenced by the intensifi-
cation of all the peaks.

(002)

(100) - (101)

CS-K8

N

CS-K7

a CS-Ké

Intensity / a.u.

20 / degree

Fig. 1. XRD patterns of CS-X, CS-KX (a), and CS-KUX (b).
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In contrast, activation with KOH (both with and without urea) yields
more disordered carbon structures, preventing the growth of the (002)
plane, regardless of Ty This behaviour is attributed to the intercalation
of metallic K formed in reactions (1)—(5) into the carbon lattice, which
consequently hinders the stacking of graphene layers. The patterns of
samples activated at 600 °C and 700 °C with KOH only (CS-K6 and CS-
K7) show additional peaks in the 28-32° 20 range, likely due to potas-
sium carbonate (K,CO3), hydrogen carbonate (KHCOs3), or mixed
K4H2(CO3)3-1.5H20 phases. A precise assignment of these weak and
broad peaks to any of the above-mentioned phases is hindered by their
overlapping angles. The presence of K-containing phases is due to the
reactions between KOH and carbon precursors occurring during the
activation, yielding KoCO3, K20, and K (Egs. (1) and (2)). Both the
decomposition (reaction (3)) and reduction (reaction (4)) of K2COs
require temperatures above 700 °C, and some carbonate may not be
efficiently removed during the final washing. Furthermore, K20 and
metallic K require temperatures above 700 °C to react with carbon (Eq.
(5)) and to evaporate (boiling temperature Tpoix) = 759 °C), respec-
tively. After the removal of the samples from the furnace (i.e. upon
exposure to air), some residual KoO and K readily react with CO5 and
H30 to form KHCO3, KoCO3, or mixed phases. Prolonged washing in
water (in which all salts are highly soluble) was clearly not sufficient to
remove all the K-containing compounds. Even prolonged washing with
1 M HCI solution (sample CS-K7-W) did not lead to the complete
removal of these compounds (Fig. S1), suggesting that most of them are
embedded within the bulk of the carbon matrix. Diffusion of the solvent
into and out of the deeper regions of CS-K6 and CS-K7 particles could be
limited by their narrow microporosity, thus hindering the removal of
potassium salts. Potassium (hydrogen)carbonates were also observed in
samples prepared at 600 and 700 °C with a lower K/C ratio (i.e. K/C =
0.5 for CS-K6-0.5 and CS-K7-0.5, XRD not shown). At the same time,
these results discouraged us from investigating K/C ratios >1 for these
activation temperatures. On the other hand, no additional phases were
observed for sample CS-K8. Indeed, at T,c¢ = 800 °C, both K2COs and K-0
are reduced to metallic K, which evaporates and is removed from the
carbon structure. The same behaviour was observed even adopting a
higher K/C ratio for the activation at 800 °C (i.e. K/C = 1.5 in sample CS-
K8-1.5, Fig. S2), indicating that at this Ty, @ higher amount of KOH can
be used for activation without leading to salt residues.

Interestingly, XRD patterns of all samples activated with KOH and
urea do not exhibit any peaks corresponding to K-containing com-
pounds. A plausible explanation for this behaviour is the reaction be-
tween urea and K2COs, which leads to the formation of KOCN and
(NH4)2COs. The latter further decomposes into NHs, H20, and CO, as
discussed in Section 3.3. Finally, activation with urea alone resulted in a
degree of graphitization comparable to that of non-activated samples,
confirming the role of KOH activation in preventing the stacking of
(002) planes.

3.1.2. Bulk and surface composition

The morphology and composition of the synthesized materials were
investigated by FESEM and EDX.

FESEM images of all activated samples are reported in Fig. 2,
revealing irregular morphology with particle sizes generally exceeding
100 pm. For CS-K6 and CS-K7 only (Fig. 2a,b) the outer particle surfaces
exhibit abundant macropores, likely due to the removal of external
potassium salt particles during washing. Indeed, such macropores are
much less abundant in CS-K8, and are absent in all CS-KUX samples.

The elemental composition of all activated samples was measured by
EDX analysis. Three different areas, each approximately 500 pm?, were
analysed for each sample, with the average values (At. %) reported in
Table 1. For all activated samples, EDX analysis detected C, O, K, and
trace amounts of S, which is attributed to the use of H2SO4 as a dehy-
drating agent in the CS precursor preparation. As expected, N was
detected only in CS-KUX samples. The C:O ratio is expected to increase
as the carbonization temperature rises. This trend is clearly observable
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Fig. 2. FESEM images of CS-K6 (a), CS-K7 (b), CS-K8 (c), CS-KU6 (d), CS-KU7 (e), CS-KU8 (f). The scale bar corresponds to 100 pm.

in the CS-KUX samples, which do not contain oxygen-rich carbonate
species. In agreement with the XRD results, the highest K contents were
found in the CS-K6 and CS-K7 samples (Table 1). However, EDX maps
(Fig. S3a) of selected carbon particles revealed a homogeneous distri-
bution with no evident segregation of K-containing particles. These
findings suggest that, in addition to segregating in the form of embedded
(hydrogen)carbonate particles, potassium is finely dispersed in the
carbon matrix in the form of intercalated potassium or surface K-com-
plexes (e.g. C-O-K) [48]. K is also present in CS-KUX samples (Fig. S3b),
and its content decreases with rising T,.. EDX maps of urea-activated
samples also revealed a homogeneous distribution of K with no
evident segregation.

Finally, a N content of 2.4, 3.1, and 7.1 at.% was measured for CS-
KU8, CS-KU7, and CS-KU6 samples, respectively. A similar trend for
these values was also measured by XPS analysis (Table 1, in brackets),
confirming that N content decreases as T, increases, and supporting an
overall homogeneous distribution over bulk and surface for this
element.

To integrate the morphological characterization with structural in-
formation at the nanoscale, a representative sample (CS-KU7) was
analysed by HRTEM. The obtained images (Fig. 3a,b) confirmed the
fully amorphous nature of the carbon matrix, already suggested by the
complete absence of the (002) reflection in the XRD patterns. Small dark
regions can be observed, originating from the partial re-deposition of the
Pt protective layer during the lamella preparation process, when the
material is cut by the thinning ion beam. Furthermore, the homogeneous
distribution of N and K observed at low magnification in the FESEM-EDX
analysis was further confirmed at the nanoscale (Fig. 3c-h, Pt was
excluded from the quantitative analysis).

To gain insights into the nature of different N species, we measured N

1 s XPS spectra (reported in Fig. 4b). The spectra were fitted with three
peaks, at binding energies of ~ 398.2 + 0.2 eV, 399.8 + 0.1 eV, and
401.5 + 0.2 eV: these components can be ascribed to pyridinic, pyrrolic/
pyridonic, and quaternary N species, respectively [30,49-51]. We
quantified the amounts of different N species in the samples (results
reported in Fig. 4¢). For sample CS-KU6, most of N is present as pyrrolic/
pyridonic N (= 64 %), while pyridinic and quaternary N species account
for ~ 26 % and ~ 10 %, respectively. Increasing the activation tem-
perature from 600 °C to 700 °C and 800 °C led to a progressive decrease
in the relative amount of pyrrolic/pyridonic N and an increase in the
relative amount of pyridinic and quaternary N species. This conversion
is due to the partial transformation of pyrrolic N into quaternary N at
temperatures above 700 °C [52]. The large amount of pyrrolic and
pyridinic N moieties in the CS-KU6 sample can contribute to the
enhanced CO; capture performance of this sample, as both surface
species were previously identified as active N-based functionalities for
anchoring CO3 molecules [53].

We also acquired high-resolution spectra in the regions of C 1 s and K
2p peaks (Fig. 4d) for all the CS-KU samples. The ratio between the in-
tensities of K and C peaks decreases with increasing the T, of the
samples (Table S1), pointing toward lower K content in the samples
prepared at higher Ty These results are in line with the lower K con-
tents detected by EDX in the samples activated at higher temperatures.
The position of K 2ps3/; is similar for all the samples (292.8 + 0.1 eV),
indicating no substantial differences in K species across the samples.
This binding energy value has been reported in the literature and
attributed to R-O-K species [54]. The peak of C 1 s was fitted using six
components [55], as reported in Fig. 4d and Table S1, to consider the
different C species and relative allotropic forms. The shoulder at high
binding energy, ascribed to C bound to carbonyl and carboxyl groups, is
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Fig. 3. HRTEM images (a,b) and EDX elemental mapping of CS-KU7.

more pronounced in the CS-KU 6 sample than in the other samples. This
is consistent with the higher O content in the CS-KU6 sample. In the
same region we can also detect bonds related to R-O-K and C-O-N.

3.1.3. TGA analysis

The inorganic residues (ash) remaining at the end of TGA (Fig. 5) can
be associated with the total metal content in the samples. Indeed, a good
correlation was observed between TGA residue and K content (as
measured by EDX). The largest residues were found for CS-K6 and CS-K7
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(13.0 and 16.3 wt%, respectively), in line with EDX and XRD results
showing the highest amount of K and the presence of K-containing
phases in these samples. Likewise, for the KOH/urea-activated samples,
higher residues were observed for T,e; < 700 °C. Given the absence of
crystalline K-containing phases, these samples exhibited lower residues
(CS-KU6: 8.9 wt%; CS-KU7: 9.3 wt%) than the corresponding KOH-
activated samples. Activation at T = 800 °C led to lower amounts of
residue, regardless of the activating agent (3.5 and 4.7 wt% for CS-K8
and CS-KUS, respectively). For comparison, the TGA curves of CS-8
(non-activated) and CS-U8 (activated with urea only) are also reported
in Fig. 5, showing residues below 1 wt%.

Analysis of the low-temperature region (T < 150 °C) of the TGA
curves revealed a weight loss (approximately 7-11 wt%) for both CS-KX
and CS-KUX samples prepared at Tt < 700 °C. For CS-K6 and CS-K7, the
observed weight loss could be partly due to the decomposition of re-
sidual hydrogen carbonates evidenced by XRD. This explanation, how-
ever, cannot account for samples CS-KU6 and CS-KU7, which do not
contain hydrogen carbonates. For these samples, the mass loss is more
likely due to the desorption of H>O and/or CO», pre-adsorbed upon air
exposure onto specific strong adsorption sites. Indeed, the low-
temperature weight loss is far less pronounced for CS-K8 and CS-KU8
samples, both characterized by a low K content, as well as for CS-K7-
W (i.e. sample washed with HCI - Fig. S1b). This observation points to
the presence of K species acting as adsorption sites, particularly abun-
dant in samples activated at T, < 700 °C. As observed by Liu et al. [25],
these species are largely removed by HCI washing. In CS-KUX samples,
the presence of N surface groups is also expected to enhance affinity for
HoO and CO; [56], thereby contributing to the observed low-
temperature weight loss.

3.1.4. N, isotherms at —196 °CK

Fig. 6 reports Ng isotherms at —196 °C of CS-KX (Fig. 6a) and CS-KUX
(Fig. 6b) samples, while the corresponding BET SSA and porous volumes
are reported in Table 2. To better illustrate the effect of the activating
agent and activation temperature on the textural properties of our
samples, the SSA and Vip(tploy) values are also summarized in Fig. 7.

The samples prepared without an activating agent (i.e. CS-X) showed
relatively low SSA (< 300 m?/ g) and total porous volume (< 0.14 cm?®
g~ 1). However, such properties were likely underestimated by N
adsorption at —196 °C. Indeed, the corresponding isotherms (Fig. S4a)
showed an open hysteresis loop, suggesting the occurrence of Ny diffu-
sion limitations within ultra-micropores (i.e. pore width < 0.7 nm). This
phenomenon is common in non-activated microporous carbons [57] and
hinders the application of any model (e.g. NLDFT) to N2 isotherms for
determining micropore size distributions.

In contrast, the isotherms of KOH-activated samples (Fig. 6a) show
H4-type hysteresis loops, more pronounced at T, = 800 °C. The loop
closes around the P/Po value (~0.4) associated with cavitation-
controlled evaporation, suggesting the presence of wide mesopores
connected to the external surface via narrow constrictions (<3-4 nm)
[58,59]. CS-K8 exhibited much higher SSA and porous volume
compared with the other CS-KX samples. These results are consistent
with the absence of K-containing salts in sample CS-K8 and confirm that
KOH becomes an effective activating agent only for Tae; > 800 °C, when
reactions (3), (4), and (5) occur. Notably, activation at 800 °C with K/C
ratio > 1.0 (ie. 1.5 for sample CS-K8-1.5) led to larger SSA (1851
ng’l) and Viip(t-plot) (0.62 cmsg’l) compared with CS-K8 (1300 ng’l
and 0.39 cm® g7!). Nevertheless, this additional porosity does not
enhance CO: uptake, suggesting that a K/C ratio of 1 is optimal for
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subsequent co-activation with urea.

When urea is used as a co-activating agent, the materials displayed
pure type-I isotherms with no hysteresis loops (Fig. 6b). As Tae in-
creases, the isotherm knees at low P/P’ gradually become more
rounded, indicating broader pore size distributions. Compared with
materials activated without urea, all CS-KUX samples exhibit higher SSA
and porous volume, regardless of T, The addition of urea as an acti-
vating agent is particularly effective at low T, (600 °C), leading to a
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threefold increase in SSA and Vyp compared with the CS-K6 sample.

The micropore size distribution of the activated samples and the
corresponding cumulative pore volume curves were analysed using the
NLDFT model applied to Nz isotherms (Fig. 8). The microporous volumes
VmpnLDET), Obtained from the cumulative curves at 2 nm, are in good
agreement with the values derived from t-plot analysis (Vmp(t-plon), and
are also reported in Table 2.

All CS-KX samples exhibit microporosity consisting exclusively of
pores smaller than 1 nm. The microporous volume of CS-K8 is approx-
imately twice that of CS-K7 and CS-K6. For comparison, Fig. 8 also in-
cludes the cumulative pore volume curve of CS-K8-1.5, which displays a
broader micropore size distribution and a significantly higher micro-
porous volume. For CS-KUX samples, the micropore size distribution is
broader, especially for T,.t > 700 °C. The curve of CS-KU8 crosses that of
CS-KU7 and CS-KU6 at approximately 0.8 nm, suggesting a larger
fraction of ultra-micropores in the latter two samples.

This observation can be related to the higher burn-off value observed
for CS-KU8 (60 %) compared to CS-KU6 (20 %) and CS-KU7 (34 %).
Actually, at T,er = 800 °C, the decomposition of K-COs leads to the
release of CO2, which may further react with carbon via gasification
reactions. This additional activation step can contribute to the widening
of micropores, thereby reducing the relative fraction of ultra-micropores
in CS-KUS.

Table 2
Porous properties of the prepared samples determined from N: isotherms at
—196 °C.

Sample SSA / Vror / Vmp(t-plot) / V mpNLDFT) /
m?g! emg ! emdg ! emg !
CS-6 187 0.10 0.10 n.a.
CS-7 298 0.14 0.14 n.a
CS-8 248 0.12 0.12 n.a
CS-K6 542 0.43 0.17 0.18
CS-K7 690 0.52 0.23 0.22
CS-K8 1300 0.89 0.41 0.39
CS- 1851 0.95 0.62 0.70
K8-1.5
CSKU6 1667 0.70 0.59 0.62
CSKU7 2434 1.08 0.9 0.96
CSKUS 2804 1.25 1.07 112
CS-U8 36 0.02 n.a. n.a
CSKCU6 1251 0.52 0.44 0.47
CSKCU7 1895 0.83 0.68 0.74
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3.2. CO2 adsorption properties

3.2.1. CO_ adsorption isotherms

The CO: adsorption performance of the activated carbon materials
was examined at 0 °C, 10 °C, and 20 °C, as shown in Figs. 9 and S5, with
the detailed results presented in Table 3. Comparing the three sets of
samples, the beneficial effect of the activation process is evident, leading
to substantially different uptake capacities at both 0 °C and 20 °C. The
values obtained at the maximum CO: pressure (i.e. 740 Torr) at 0 °C are
summarized in Table 2 and Fig. S6a, falling in the 2.8-3.5 mmol g~}
range for CS-X samples, 3.7-4.5 mmol g~! for CS-KX samples, and
6.7-7.5 mmol g! for CS-KUX samples. The latter clearly exhibited
higher adsorption capacities than their counterparts prepared using
KOH alone.

The highest uptake, 7.36 mmol g ! (323.9 mg g 1), was recorded for
CS-KU7, surpassing all CS-KX samples and highlighting the beneficial
role of urea in the activation mixture. By contrast, urea alone is not an

effective activating agent. In fact, sample CS-U8 adsorbed only 2.90
mmol g™, similar to the non-activated CS-X carbons.

For CS-KX samples, the CO, uptake increases with Tyt This trend
can be readily explained by the XRD patterns and N isotherms, which
indicate that an activation temperature above Tpoji(x) is needed to pre-
vent the presence of residual K-based compounds that reduce porosity.

In contrast, the CS-KUX series shows similar capacities for Tyt =
600 °C and 700 °C, followed by a drop at 800 °C. A preliminary, though
not exhaustive, explanation for this behaviour comes again from N2
isotherms, which revealed a larger fraction of ultra-micropores in CS-
KU6 and CS-KU7. However, in addition to the micropore size distribu-
tion, the presence of specific adsorption sites could also contribute to
enhancing the adsorption behaviour.

To assess the dynamic adsorption behaviour under conditions rele-
vant to post-combustion CO: capture, breakthrough experiments were
carried out on the most promising samples (i.e. CS-KUX) using a gas
mixture containing 20 % CO: in Nz. The breakthrough curves shown in
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Table 3

Summary of the parameters obtained from CO, adsorption isotherms.
Sample VMp(D-R) cm?® g’1 Eom-r) kJ mol ! Irrev. ads. mmol g’1 CO; uptake @ 740 Torr mmol g’1 Qy kJ mol !

@0°C @ 20 °C

CS-6 0.17 315 n.a. 2.76 n.a. n.a.
CS-7 0.18 32.6 n.a. 2.92 n.a. n.a.
CS-8 0.21 32.3 n.a. 3.35 2.69 29-26
CS-K6 0.19 38.7 0.14 3.67 3.07 36-27
CS-K7 0.19 42.7 0.19 4.48 3.78 34-24
CS-K7-W 0.24 325 0.13 4.03 3.22 27-23
CS-K8 0.30 31.2 0.00 5.47 4.06 32-25
CS-K8-1.5 0.27 29.2 0.00 4.65 3.23 30-25
CS-KU6 0.29 35.8 0.10 7.20 5.24 38-28
CS-KU7 0.25 34.9 0.11 7.36 5.37 36-24
CS-KU8 0.25 30.5 0.00 6.64 4.19 30-25
CS-U8 0.19 34.5 n.a. 2.90 2.33 33-29

Fig. of exhibit a similar profile across all samples, suggesting comparable
adsorption kinetics. Integration of the curves yielded dynamic CO: up-
takes of 1.64, 1.48, and 1.04 mmol g’1 for samples CS-KU6, CS-KU7, and
CS-KUS8, respectively. The highest value observed for CS-KU6 is consis-
tent with the superior uptake exhibited by this sample in the single-
component CO: isotherms at corresponding partial pressures (ca. 150
Torr).

The excellent CO; adsorption performance of CS-KU7 and CS-KU6 is
comparable to the best recent results reported in the literature
(Table S2) and, combined with their ease of preparation, makes them
promising candidates for industrial applications. In this regard, inves-
tigating the reversibility of the adsorption process is also essential.
Therefore, for CS-KX and CS-KUX samples, two consecutive adsorption
runs (at 0 °C) were performed, with an intermediate outgassing step at
room temperature, to assess the presence of irreversibly adsorbed CO-.
The difference in COy uptake between the two runs at the highest
pressure corresponds to the amount of irreversibly adsorbed CO: and is
reported in Table 2. A low irreversible fraction (< 5 % of the total

10

adsorbed amount) was observed only for samples activated at 600 °C
and 700 °C, being slightly higher for samples activated with KOH only,
confirming that CO: physisorption is the dominant mechanism. Irre-
versibility is most probably due to very strong sites, associated with K-
and/or N-based species, which are more abundant in samples activated
at lower temperatures.

This hypothesis is supported by TGA (Fig. 5) and is further confirmed
by both the characteristic energy Eq, obtained from the D-R plots of CO2
isotherms, and the isosteric heats of CO2 adsorption (Qs) at low cover-
ages (both reported in Table 3).

TGA curves for CS-K6, CS-K7, CS-KU6, and CS-KU7 samples (i.e.
those exhibiting irreversibly adsorbed CO2) showed a weight loss
ranging from 7 to 11 wt% at T < 200 °C (with a maximum in DTGA
curves at 65-85 °C), likely due to the desorption of CO2 and/or moisture
pre-adsorbed onto the samples during air exposure. The thermal treat-
ment at 250 °C preceding the first adsorption run ensures the complete
removal of these adspecies. Accordingly, the same samples exhibited the
highest Eqy value (ranging from 35 to 42 kJ mol™!) and Qg at low
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CO4 adsorption isotherms, and the corresponding D-R plots are shown in

M. Etzi et al.
coverage (34-38 kJ mol 1), indicating the presence of strong adsorption
sites with a high affinity for CO2. The strongest fraction of these sites Fig. 11.
For all CS-X samples (Fig. 11a—c), Vup-r) is larger than the total
pore volume obtained from N isotherms, clearly indicating the presence

may interact with COz in a way that remains irreversible at room
of ultra-micropores that are not accessible to Ny at —196 °C. Such

behaviour is typical of carbonized materials with low burn-off, which
exhibit a micropore volume measured from CO: isotherms exceeding
that obtained from N: isotherms [60]. Indeed, compared to N2 at
—196 °C, CO:z at 0 °C has a smaller kinetic diameter and larger kinetic
energy, enabling it to overcome the diffusional constraints imposed by
narrower micropores. Very similar Eq values were obtained for CS-X,
ranging from 31 to 32 kJ mol !, suggesting that their different CO,
adsorption behaviour is mainly due to the different Vyppry. The char-
acteristic energy Eg is often related to the pore width: the larger the
former, the smaller the latter. Stoeckli et al. proposed an equation (Eq.
(10)) to calculate the pore width (L) of porous carbons with character-

istic energy in the range of 20 to 40 kJ mol~! [61].

temperature.
A minor contribution from residual K2O (which could chemisorb
CO2, forming carbonates) cannot be excluded. Although XRD did not
show peaks corresponding to this phase, it is possible that small amounts
of K20, especially in the form of embedded or poorly crystalline nano-
particles, remained undetected. This hypothesis may be particularly
relevant for CS-K6 and CS-K7 samples, which also showed the presence
of bicarbonate species, possibly formed via surface reaction of atmo-
spheric COz with residual basic sites. Nevertheless, some residual K20 in
these samples may not have reacted under ambient conditions and could
potentially become reactive in the presence of elevated CO: partial
pressures, such as those applied during adsorption measurements. We

therefore do not exclude that residual K20 could play a minor role in the
observed irreversibility.
The reversibility of adsorPtlon and 'the cyclic s.tablhty were‘ f1.1rther L(nm) = 10.8/(Eo —11.4) 10)
assessed by an extended cyclic adsorption-desorption test consisting of
nine cycles at 20 °C, performed on the best-performing sample (CS- According to Eq. (10), pore width in the 0.51-0.54 nm range are
obtained for CS-X samples. Notably, these dimensions lie well below the
starting point of the cumulative pore volume curve derived from Ny

KU7), as shown in Fig. 10. The first eight adsorption runs were followed
by outgassing under vacuum at room temperature (30 min, 20 °C), while
the last cycle was preceded by outgassing at a slightly higher tempera- isotherms.
ture (30 min, 60 °C). After five consecutive adsorption-desorption cy- The D-R plots of CS-X are quite linear across the entire range of
cles, the COz uptake stabilized at approximately 96 % of the initial value, pressures, suggesting a homogeneous pore distribution. The downward
indicating excellent stability and reusability. Moreover, mild regenera- deviation at very low pressure (high P°/P) is a consequence of the
tion at 60 °C prior to the final cycle effectively restored the COz uptake to narrow size of the micropores, which may result in diffusional or steric
a value comparable to the initial one. These findings confirm that the limitations even for CO, adsorption [62]. As expected, such limitations
decrease in CO:z uptake observed during the first eight cycles originates are not observed for CS-KX (Fig. 11d-f) and CS-KUX (Fig. 11g—i) sam-
from a limited number of very strong adsorption sites, from which COz is ples, where a well-developed porous structure is provided by chemical
released after gentle heating to 60 °C. This high level of cyclic stability
indicates that the material is well-suited for industrial use, providing
consistent and long-lasting CO: capture with minimal performance loss
although mechanical strength under Pressure-Swing

activation.
For CS-KX samples, the experimental data are fitted by D-R equation

across almost the entire pressure range, with only a limited upward
deviation from linearity at high pressures (low P%/P). This feature agrees
with N2 adsorption results, which revealed homogeneous microporosity
consisting entirely of pores smaller than 1 nm for all CS-KX samples

over time,
(Fig. 8a). The trend of Vyp-r) as Tact increases is also similar to that of

Adsorption (PSA) conditions still needs to be evaluated.
The characteristic energy Eq and the microporous volume (Vyp(p.g))

were obtained by applying the Dubinin-Radushkevich (D-R) method to
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Fig. 11. D-R plots for CS-X (a), CS-KX (b), and CS-KUX (c) obtained from CO, isotherms at 0 °C.

Vmpniprr), With the highest value found for CS-K8. On the other hand,
samples CS-K6 and CS-K7 showed higher values of Eg (ca. 39 and 42 kJ
mol ™}, respectively, compared to 31 kJ mol ! for CS-K8), in line with
their different isotherm shape. In fact, the CO; isotherm of CS-K8 shows
a less defined knee, and lies below those of CS-K6 and CS-K7 for pressure
lower than ca. 100 Torr (see inset of Fig. 9b). Applying Eq. (10) to CS-K6
and CS-K7 samples may yield misleading results, returning very small L
values of 0.39 and 0.36 nm, respectively. In principle, such small pores
(only slightly larger than the kinetic diameter of CO2) should lead to
diffusion limitations similar to those observed for the CS-X samples,
which exhibited negative deviations in the D-R plots. We thus attribute
the high Ej values of these samples not solely to reduced pore size but
also to the presence of K-based adsorption sites with high polarizing
power. These sites, similar to those observed in cation-exchanged zeo-
lites [46], enhance the interaction between CO: molecules and the
carbon surface.

As for CS-KX samples, it is also worth comparing the adsorption
capacities and porous properties of CS-K8 and CS-K8-1.5, both activated
under the same conditions (i.e. KOH alone, T, = 800 °C) and showing
similar (and low) K content. As stated above, increasing the K/C ratio
from 1.0 to 1.5 led to a decrease in CO; uptake at both 0 °C and 20 °C
(Fig. S7a). This result was not predictable based only on the corre-
sponding Ny cumulative pore volume curves (Fig. 7a), which start from
nearly the same point (i.e. - 0.33 cm?® g’l at 0.6 nm), and indicate a
larger and more heterogeneous microporous volume for CS-K8-1.5. This
heterogeneity was further confirmed by the D-R plot of CS-K8-1.5,
showing a marked upward deviation (Fig. S7b). More importantly, D-R
analysis yielded a lower Vypp.ry (0.27 vs 0.30 cm?® g’l) for CS-K8-1.5,
underscoring key differences in the ultra-micropore fraction that ac-
count for its inferior adsorption performance.

For CS-KUX samples, D-R plots exhibit a strong upward deviation
from linearity at high pressure (low P%/P), indicating significant het-
erogeneity in the adsorption sites. Consequently, experimental data for
[log(p®/p)1? < 7.0 (corresponding to an absolute pressure > of _ 70
Torr) were excluded from curve fitting. Thus, the obtained Eg and Vypp-
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r) values reported in Table 2 refer only to the stronger fraction of
adsorbed CO;. Similar to the CS-KX samples, higher Ey values were
obtained for T, < 700° (i.e. 35-36 kJ mol_l); however, in this case, the
highest Vypp.r) was obtained at 600 °C. The high E¢ values for CS-KU6
and CS-KU7 likely stem from their narrow microporosity coupled with
K- and N-based adsorption sites with high CO: affinity.

Overall, the present results clearly demonstrate that CO5 adsorption
at low pressure (< 100 Torr) is strongly influenced by both high Ey and
Vmp-r), Whereas the presence of super-micropores enhances adsorption
at higher equilibrium pressure (up to ambient pressure). The
outstanding CO, adsorption performance of CS-KU6 and CS-KU7 can be
attributed to the synergistic effect of three key factors: i) a large Vmpp-r)
associated with the presence of ultra-microporosity, ii) the presence of
specific adsorption sites with strong affinity for CO2, enhancing the
interaction energy, iii) the presence of wider micropores adsorbing CO,
at higher pressure. This latter feature may also be beneficial for practical
applications, as it ensures the pathways for CO: diffusion into the ultra-
micropores.

In line with these observations, no clear correlation is expected be-
tween the maximum adsorption uptake and any individual porous
property. When plotting CO» uptake against SSA, Viyp(t-plot) O VMp(D-R), @
significant data dispersion is obtained (Fig. S6b-d). Although an increase
in SSA and Vwp(t.ploty enhances performance, the absence of a linear
regression through the origin confirms that Ny adsorption at —196 °C
underestimates a significant fraction of the pore/surface area active in
CO: adsorption. On the other hand, despite the considerable scatter, a
rough linear regression through the origin is obtained for Vypp-r) R2=
0.8283). The weak correlations observed in Fig. S6 further confirm that
CO: adsorption in our materials is not solely governed by micropore size
distribution but is also strongly influenced by the presence of specific
high-affinity adsorption sites.

3.2.2. Isosteric heat of adsorption and IAST selectivity
To further investigate the strength of CO3 interaction with our sor-
bents, isosteric heat of adsorption (Qg, as shown in Fig. 12a,b) was
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calculated by applying the Clausius-Clapeyron equation to the CO,
adsorption isotherms at 0 °C and 20 °C. The upper coverage limit shown
in Fig. 12a,b correspond to the maximum uptake measured at 20 °C. In
general, a high Qg value (> 30-35 kJ mol 1) is desirable for applications
requiring high CO, uptake at very low pressures (e.g. flue gas separa-
tion). When Qst exceeds ~50 kJ mol !, however, sorbent regeneration
via PSA becomes challenging [63]. The Q values at both maximum and
minimum coverages for our sorbents are also summarized in Table 2.
The trend in Qg at low coverage is in good agreement with that of
characteristic energy Eg: samples activated at T < 700 °C exhibit
stronger interactions, with initial Qst values of 38-35 kJ mol !, whereas
those activated at 800 °C fall in the 30-32 kJ mol ! range. Discrepancies
between the energies derived from the D-R model and the Clausius—
Clapeyron equation are reported in the literature [10,30], and may be
primarily due to the p value used in D-R equation. Furthermore, D-R
model is based on the potential theory of Polanyi, assuming that the
adsorption mechanism is dominated by micropore filling rather than
surface coverage [42]. The presence of strong specific adsorption sites
could make this assumption not fully justified. Indeed, early criticism of
Polanyi's model stressed that it neglects electrical interactions between
the gas and the surface.

The isosteric heat of adsorption also reflects surface heterogeneity.
For an ideal homogeneous adsorbent, Qg is constant with coverage,
whereas on heterogeneous surfaces it decreases as progressively weaker
sites are occupied. Among all activate samples, CS-K8 and CS-KU8
exhibited less heterogeneous surfaces. After an initial decrease, their
Qs reaches an almost constant value (around 25 kJ mol ! for adsorbed
amounts greater than ca. 1.5 mmol g~1), which is close to the upper limit
of the reported Qg for common carbon-based adsorbents [64]. In
contrast, the variation of Qg with coverage is much more pronounced for
samples activated at Tpe¢ < 700 °C, indicating more heterogeneous in-
teractions. Heterogeneity in our materials arises from both the
micropore-size distribution and surface heteroatoms, specifically K and
N. However, discerning the individual influence of each factor on Qg is
not straightforward. In this regard, some insights into the role of K-based
sites are provided by comparing CS-K7 and its acid-washed analogue CS-
K7-W (Fig. S7e). At low coverage, Qg for CS-K7-W drops from 27 to 23
kJ mol !, whereas CS-K7 falls from 35 to 23 kJ molL.. Interestingly,
theoretical calculations [65] suggested that the introduction of K-based
polar groups induces local polarization and charge separation in carbon,
thus facilitating COy adsorption through electrostatic interaction. The
calculated adsorption energy of approximately 36 kJ mol ! is consistent
with our data for K-containing samples. Notably, HCI washing led to an
increase in Vypp.ry (Fig. S7d) but resulted in a decrease in the COy
uptake. These observations suggest that, in addition to strengthen
adsorbate-adsorbent interactions, the presence of strong specific sites
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could increase the uptake efficiency of micropores by increasing the
density of the adsorbed phase. For CS-KUX samples, such sites include
both K and N-based centres. In particular, CS-KU6 showed the highest
amount of pyrrolic surface groups, which are considered beneficial for
CO4 uptake [5,39,66,67]. Accordingly, this sample showed the highest
Qst over the entire coverage range. In this regard, the comparison be-
tween CS-KU6 and CS-K8.15 is particularly illustrative. These two
samples exhibit very similar textural properties, with comparable BET
surface area (1851 and 1667 rnz/g), D-R micropore volume (0.27 and
0.29 cm® g’l), and PSD (Fig. S8). Despite this, CS-KU6 displays both a
significantly higher COz uptake and consistently higher Qg values across
the entire coverage range. This result clearly highlights the role of K- and
N-based surface sites in enhancing CO- adsorption properties, beyond
what can be explained by surface area and porosity alone. We hypoth-
esize that the improved performance (in terms of both Qg and CO5 up-
take) introduced by the polarizing sites could also be due to a better
exploitation of the supermicropores. In this regard, theoretical studies
[3] showed that in pure carbon slit pores >0.8 nm (at 0 °C and sub-
atmospheric pressures) CO5 forms two monolayers on the opposite
pore walls, with the CO5 molecules adsorbing parallel to the walls and
leaving the central part of the pores unfilled. The presence of polarizing
centres may facilitate the formation of linear adducts perpendicular to
the pore walls similar to those observed in cation-exchanged zeolites
[46], and/or enhance adsorbate-adsorbate interaction through polari-
zation effects, leading to a more effective utilization of the super-
micropores. Interestingly, very recent theoretical results demonstrate
that when the pore size exceeds 0.6 nm, K doping significantly increases
the CO: adsorption uptake [28]. Ongoing studies will employ in-situ
spectroscopy to clarify the nature of these specific interactions. On the
other hand, the presence of K- and N-based functionalities is expected to
increase the hydrophilicity of the samples [1,56], making the sorbents
suitable for dry flue gas conditions. In addition to moisture, the potential
effect of acidic gases on adsorption performance remains an important
aspect for future investigation under real flue gas conditions.

For practical applications, selectivity over N3 is highly desirable. The
Ideal Adsorption Solution Theory [45] is a simple and widely used
technique [5,30,65,66,68,69] for predicting CO2/Ny selectivity based on
the single-component gas adsorption results. Thus, we measured Ny
adsorption isotherms at 20 °C (Fig. 9d,e) for our ACs and calculated the
IAST selectivity for a 0.15/0.85 CO5/N3 molar mixture (Fig. 12¢). At the
total pressure of 740 Torr, the highest selectivity factor of 61 was
calculated for CS-KU6, followed by CS-KU7 (54) and CS-KU8 (42). In
contrast, samples activated with KOH alone exhibited lower selectivity
at this pressure, regardless of Ty Interestingly, the most selective ma-
terials also have the highest N-content, corroborating earlier reports that
basic N functionalities enhance CO2/N: selectivity [5,39,65,69,70].
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3.3. Role of urea in the activation mechanism

Our results clearly indicate that, in addition to generating N-con-
taining functional groups, urea plays a crucial role in the development of
the porous network, as demonstrated by the comparison of SSA and pore
volumes of samples prepared with and without urea. On the other hand,
we found that urea is not an efficient activating agent on its own; rather,
it acts synergistically with KOH, preventing the formation of residual
potassium carbonates trapped within the carbon matrix. Notably, the
burn-off measured for CS-KX (18 %, 29 %, and 60 % for X = 6, 7, and 8,
respectively) and CS-KUX (20 %, 34 % and 60 % for X = 6, 7 and 8,
respectively) samples was primarily dependent on T, rather than the
activating agent. Nevertheless, the samples activated with both KOH
and urea exhibited significantly higher total pore volumes, despite
having similar burn-off values. This indicates that, in the presence of
urea, KOH is exploited much more efficiently in the generation of
microporosity. The presence of macropores (which do not contribute to
the total pore volume measured by N» adsorption), observed through
FESEM only in the CS-KX samples, further supports this conclusion.

The use of KOH and urea as activating agents for the preparation of
N-rich porous carbons is well-documented in the literature
[10,11,30,35,36]. However, while the activation mechanism using only
KOH has been extensively elucidated, the mechanism related to KOH/
urea activation has not yet been thoroughly investigated [10,71,72]. In
this context, valuable insights come from studies on the activation of N-
enriched precursors [72,73]. Sevilla et al. examined the activation
mechanism occurring in the preparation of nanoporous carbons from
potassium citrate and urea [72]. Notably, they demonstrated that po-
tassium carbonate (derived from citrate decomposition) reacts with urea
at relatively low temperatures (i.e. 150 °C), forming potassium cyanate

according to Eq. (11).

Potassium cyanate is then reduced to potassium cyanide by carbon,

according to the reaction (Eq. (12)).
KOCN + C—KCN + CO 12)

The oxidation of carbon by potassium cyanate was identified as the
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primary mechanism for pore development at 650 °C. Notably, NHg, COo,
and H»0 produced in reaction (11) may also serve as physical activating
agents [1], thereby further contributing to the formation of the porous
network. Although our synthesis involves a one-step activation, where
both urea and KOH are added simultaneously to the CS precursor, we
believe that reactions (11) and (12) occur in our system already at
600 °C, leading to the consumption of potassium carbonate formed in
reactions (1) and (2). Accordingly, the CS-KUX samples exhibited
greater and more heterogeneous microporosity compared to the CS-KX
samples (Fig. 8). This characteristic may also facilitate the removal of
residual potassium salts during the washing phase. While the proposed
formation of KOCN and (NH4)2COs is supported by literature data,
further experimental investigations will be conducted to clarify the
activation mechanism.

These considerations suggest that, in the presence of urea, KOH
could be replaced with the less corrosive K2COs3, thus making the syn-
thesis more appealing from an industrial point of view. Given its
decomposition temperature and the temperature at which it is reduced
by the carbon matrix, potassium carbonate alone is generally employed
at Tyee > 700 °C [74]. Interestingly, we found that one-pot activation of
CS precursor using a KoCO3/urea mixture at 600 (sample CS-KCU6) and
700 °C (sample CS-KCU7) yields porous carbons free of potassium
(hydrogen)carbonate residues (as confirmed by XRD reported in
Fig. S2a), with excellent CO: uptake at 0 °C of 6.87 and 7.81 mmol g},
respectively (Fig. 13). Notably, CS-KCU7 showed even better perfor-
mance than its counterpart prepared with KOH and urea, demonstrating
the high potential of this activation method. Further optimizations of CS
activation with KoCO3 and urea, as well as thorough characterization of
the resulting materials, is currently under investigation. Such studies
pave the way for new insights into the design of high-performance ad-
sorbents and open up promising possibilities for scalable applications in
CO:2 capture and other environmental processes.

Although a detailed techno-economic analysis is beyond the scope of
this study, a preliminary estimation based on current industrial prices of
the raw materials (sucrose, KOH, urea, and H2SO.) suggests that the cost
of raw materials for producing 1 ton of activated sample falls in the
range of 2700-3400 $ t~1. This estimation does not include costs asso-
ciated with equipment, energy consumption, or labour. While the use of
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Fig. 13. CO, adsorption isotherms at 0 °C for samples prepared with K,CO3 and urea.
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sucrose as a carbon precursor may result in higher raw material costs
compared to biomass wastes, it offers a significant advantage in terms of
process simplicity and energy efficiency, as it avoids the need for a
pre-carbonization step typically required for biomass-derived materials.

4. Conclusion

In this study, sucrose-derived activated carbons (ACs) for CO cap-
ture were successfully prepared through a one-step activation process.
We showed the crucial role of activating agents (KOH or K3CO3 and
urea) and activation temperature (600, 700 and 800 °C) in tailoring the
textural and chemical properties of the resulting materials.

Using KOH alone as an activating agent, an optimal activation tem-
perature (T,) of 800 °C was required to achieve a well-developed
porous structure free of residual potassium (hydrogen)carbonates,
showing moderate CO, uptake (5.47 mmol g~ ! at 0 °C and 740 Torr) and
a heat of adsorption (25 kJ mol’l) similar to that of common carbon-
based adsorbents. Conversely, the samples obtained at lower Tac
exhibited lower CO5 uptake but higher heat of adsorption due to the
presence of particularly strong adsorption sites originating from the
intercalation of K in the carbon matrix. The role of these polarizing
centres in enhancing the CO: heat of adsorption has often been over-
looked in previous research, as they are effectively removed by the final
HCl washing step commonly adopted in many synthesis procedures.

In the samples activated with KOH and urea, K was only present as
intercalated K-species, pointing to a synergistic effect between KOH and
urea in preventing the formation of (inactive) segregated K salts and in
maximizing K utilization. Activation at moderate temperatures
(600-700 °C) proved especially effective in balancing porosity devel-
opment and surface functionalization, yielding materials with
outstanding CO: uptake and selectivity. Specifically, the incorporation
of both K and N surface species enhanced CO: affinity by increasing
adsorption energy and selectivity, while preserving a microporous
structure with high specific surface area. The sample activated at 700 °C
using KOH/urea exhibited a CO, uptake of 7.36 mmol g~ ! at 0 °C and
740 Torr. This exceptional performance resulted from the combination
of a large fraction of ultra-micropores and the simultaneous function-
alization with K sites and pyrrolic N moieties, which provided multiple
CO; anchoring sites. Furthermore, the presence of K and N- based
polarizing centres may also enhance the effective utilization of the
super-micropores, optimizing them for CO: adsorption.

Finally, we showed that the tailored porosity and composition of the
samples obtained through KOH/urea activation lead to higher CO2/N-
selectivity (up to 61 at 20 °C for a 15:85 CO2:N2 mixture) compared to
those activated with KOH only, highlighting their potential as effective
CO:z sorbents in flue gas applications.

From an industrial perspective, replacing KOH with K-COs in the
presence of urea emerges as a promising strategy for reducing synthesis
costs and improving environmental compatibility. Overall, this work
provides a deeper insight into the interactions governing CO- adsorption
on ACs and offers a scalable approach for developing efficient sorbents
for industrial applications.
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