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The continuous rise in atmospheric CO, level is a major concern,
demanding the development of low-cost, scalable porous sorbents
with improved efficiency and recyclability. The current chemical
adsorption methods are energy-intensive, creating a demand for
low-energy CO, capture/removal strategies. Physical adsorption of
CO, offers an efficient and low-energy alternative. This study
explores the design and screening of porous carbon pellets for
physical adsorption of CO, from 15% CO, in N, at 30 °C. Various
sizes of spherical pellets were designed and investigated for their
effect on adsorption capacity and kinetics. Changing the shape
from spherical to flakes increased the CO, adsorption capacity to
2.2 wt% (0.5 mmol g~%). The pellets were also analysed for cyclic
adsorption—desorption to access long-term stability and recycl-
ability, showing approximately 80% selectivity for CO, over N, over
20 cycles.

Introduction

CO, is a major greenhouse gas that significantly contributes to
climate change, surpassing 422 ppm in August 2024, an
increase of approximately 4 ppm compared to August 2023."
Human activities, particularly the burning of fossil fuels for
energy, deforestation, and industrial activities, have caused an
unprecedented rise in atmospheric CO, level, resulting in the
emission of 35.8 Gt of CO, globally in 2023.”> The adverse
impact of climate change poses a serious threat to our ecosys-
tems, economies, and human health worldwide, making it one
of the most pressing challenges of our time. In response, CO,
capture technologies have emerged as a critical solution for
mitigating climate change, focusing on industrial decarboniza-
tion, and direct air capture.® These technologies are essential
for achieving global net zero emissions targets and limiting the
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temperature rise to 2 °C above pre-industrial levels.* Capturing
and storing or reusing CO, can substantially reduce CO,
emissions, supporting a smooth transition to renewable energy
adsorption and energy efficiency.”

As industries shift toward a low-carbon future through
industrial decarbonisation, CO, capture becomes increasingly
vital for sectors that are difficult to decarbonise, such as
cement, steel, and chemical production. Sorbents (solids and
liquids or both) are an important segment of large-scale deploy-
ment of CO, capture technologies. An optimised sorbent design
ensures a high adsorption capacity, enabling more CO, to
be captured per unit of sorbent material, thereby reducing
the required sorbent quantity and operation costs.”® Well-
designed sorbents also minimise energy requirements, low-
ering overall energy consumption and making the CO, capture
system more cost-effective. Additionally, the durability of sor-
bents over multiple capture and regeneration cycles is essential
for long-term viability and cost-effectiveness. The adsorption of
CO, on a solid sorbent involves both physical and chemical
interactions, depending on the nature of the support and the
type of active sites.'® Physical adsorption relies on van der Waals
forces to attract CO, molecules to the sorbent surface, resulting in
low heat of adsorption (approximately 10-50 k] mol *)."*™ It is
considered a promising low-energy method for efficient CO,
capture compared to chemical adsorption of CO, in amines
(approximately 100 kJ mol *).**™*¢

Porous activated carbon is widely available and offers a large
specific surface area and pore volume, making it an ideal
material for upscaling into sorbent pellets of various sizes
and shapes for CO, capture applications.’” The extensive sur-
face area also facilitates CO, adsorption, making it highly
effective in capturing CO, from industrial emissions. Addition-
ally, porous carbon can be produced from a variety of low-cost
precursor materials, such as biomass, and waste carbonaceous
products, making it a cost-effective option for large-scale
industrial applications, and contributing to a more sustainable
and environmental approach. Porous carbon is cheap, easy to
produce, and available in large amounts, and has emerged as a
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promising material for CO, adsorption under a wide range of
conditions."®'® It is economically more attractive than the
other sorbents such as zeolite,”® MOF,?*>* silica,**™*° porous
liquid,®® and other metal oxides.*! Thereby, porous carbon-based
sorbents offer a lower heat of adsorption (10-35 k] mol™*) com-
pared to MOFs (50 k] mol ") and zeolites (30-50 k] mol *).****
One of the significant advantages is their relatively low energy
requirements for regeneration compared to other sorbents like
amine-based materials. Lower energy consumption reduces opera-
tional costs and improves the overall efficiency of the CO, capture
process.

The selection of suitable materials is critical for the eco-
nomic viability of sorbents, and it must meet certain criteria
including high adsorption capacity, high selectivity for CO,,
fast adsorption and desorption kinetics, stability in cycling
processes, low cost, and ease of upscaling production.**™°
Most of these properties can be fine-tuned by designing appro-
priate materials.*® However, shaping powder into pellets/mono-
lith/beads can alter the adsorption properties due to reduction
of the surface area, pore blockage due to the use of binders, and
material degradation from high pressure. Shaping the powder
into pellets is more suitable for large-scale deployment due
to lower pressure drops, easy transfer, handling, storage, and
reusability.**

Due to the low energy demand to regenerate physically
adsorbed CO,, interest in screening and developing indus-
trial-grade sorbent pellets is continuously increasing.*> Porous-
activated carbon has been explored for the physical adsorption of
CO,; most of the investigations have been conducted using
powder.**° The preparation of pellets using activated porous
carbon is therefore crucial for commercial applications, with
optimisation of the binder-to-powder ratio to minimise the loss
of material properties.”’ Several methods have been reported
to convert powder into pellets, for example, high palletisation
pressure (5000 psi) led to CO, adsorption capacity reduction
and also increased internal mass transfer resistance compared
to the powder.>” The use of sodium alginate as a binder to
shape the powder avoids applying pressure; hence, changes in
textural properties can be minimised. On the other hand,
alginate is natural, biocompatible, nontoxic, and biodegrad-
able, and the preparation methods employed water, which is
non-toxic, so the whole process is environmentally friendly and
sustainable.”® By optimizing sodium alginate and powder ratio,
surface area reduction was minimised, and the adsorption
properties were maintained. In our recent work, we also pre-
pared silica beads using sodium alginate as a binder, and we
observed no reduction in surface area, with PEI functionalized
beads showing an average CO, capture capacity of 1 mmol g~*
for 105 cycles.>*

Pellets are practical for industrial applications as they need
stability in cyclic adsorption-desorption processes and consis-
tent performance under flue gas conditions. Considering these
points, we developed pellets using commercially available
porous activated carbon (carbon with a specific surface area
of 870 m* g~' and average pore size of 3.33 nm) and sodium
alginate as a binder, known previously for MOF pellet design
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(generally described as a bead).”>”° The effect of pellet size and
shape was investigated in detail for the physical adsorption of
CO,. All the adsorption analyses were performed using TGA,
and 15% CO, in N, was used to satisfy industrial flue gas
conditions. This innovative study introduced a novel approach
to optimising CO, capture by shaping the powder into various
pellet forms, including spherical, cylindrical, hollow cylindri-
cal, and flake shapes. We systematically investigated the impact
of pellet size and shape on CO, uptake and adsorption kinetics,
providing insight into enhancing the efficiency of physical
adsorption processes. The smaller sizes and flake shapes
significantly improved CO, uptake, by demonstrating that the
performance of solid sorbent pellets can be enhanced through
careful control of pellet size and shapes. This study provides a
foundation for developing cost-effective and efficient solid
sorbent CO, capture technologies. Future work could explore
chemical modification to enhance selectivity and adsorption
capacity further, making this approach highly viable for indus-
trial applications.

Results and discussion

Although various spherical pellets of different sizes were
designed (Fig. S1, ESIT), we chose to analyse only one type of
pellet for its morphology and texture properties, as we antici-
pated that the specific surface area of the other samples would
remain unchanged, as the same ratio of powder to binder was
used to vary the size and shape. To examine the surface
morphology and texture of both the powder and pellet, SEM

$4800 10.0kV 8.5mm x3.50k SE(M)

(b)

$4600.5 0KV.8.6mm x20.0k SE(M) &

" 1819tm | 54800 10.0kV'8 gmx20.0k SE(M)

Fig. 1 (a)—(c) SEM images of activated carbon (powder). (d)-(f) SEM image
of pellets (P3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TGA profiles of adsorption of CO5; (a) effect of size and (b) effect of shape at 25 °C, 50 ml min~, 15% CO, in N,. The solid line represents the

pseudo-first-order fitting.

Table 1 Fitting parameters of a pseudo-first-order kinetic model for the
adsorption of CO, over porous carbon pellets

Size (mm) Qe1 Qe ks ky R?
P1 4.2 0.72 0.47 0.99 0.055 0.9999
P2 3.7 1.10 — 0.39 — 0.9999
P3 3.3 1.02 0.77 0.87 0.064 0.9999
P4 2.4 0.94 0.92 0.77 0.070 0.9999
P5 1.9 1.24 0.95 0.38 0.025 0.9999
P6 1.8 1.44 — 0.28 — 0.9999
P7 1.2 (T) 0.94 1.29 1.31 0.069 0.9999
P8 4.8 (D) 1.50 0.15 0.19 0.190 0.9999
P9 4.8 (D) 1.03 0.65 0.94 0.069 0.9999
P10 2 (D) 0.98 0.89 1.45 0.105 0.9999

(=) Excluded from the data. T - thickness, D - outer diameter.

analysis was conducted. The SEM images revealed the presence
of pores in both the powder (Fig. 1a—c) and pellet (Fig. 1d-f)
samples, which could facilitate CO, diffusion and promote fast
kinetics. N, sorption analysis was performed on the P3 pellets
(3.3 mm) (Fig. S2, ESIt), revealing a specific surface area of

approximately 614 m> g~ '. This is about 30% lower than
the previously reported surface area of the powder sample
(876 m> g '). The density functional theory (DFT) pore size
distribution of the pellets indicated a narrow range of 0-2 nm,
with an average pore size of 1.18 nm (Fig. S3, ESI), confirming
the microporous nature of the pellets.

Effect of size and shape

Six different spherical-size pellets and different shapes (Fig. S1,
ESIt) were designed to investigate their effect on CO, uptake
and kinetics (Fig. S4-S13, ESIt). As the pellet size decreased
from P1 to P4, the CO, uptake increased from 1.10 wt% to
1.76 wt% (P4, Fig. 2). However, with a further reduction of the
pellet to a smaller size than P4, the CO, uptake capacity stayed
constant. Additionally, changing the shape from spherical to
flake (Fig. S14, ESIf), the CO, uptake capacity increased to
2.06 wt%, demonstrating the effect of shape and size (Fig. 2b).
Although, the solid cylindrical shape (P8) and hollow cylindri-
cal shape (P9) did not show much difference in carbon uptake

(a) 184 (b)
2.5 -
1.6
2.0 4 1.4 4
T 124 5
T .. 2
£ 7 g o 2 e eeeePl4
= @ o} i R (ol e*eeP15
% 1.0 4 z Elsleie's P § = = o{‘ eoee P16
b ) @ mm eeoe P12 o"" 0.6 a “! eeee P17
= S -
5 ‘i eeee P13 O 4l g o esee P18
S 054 5 3
2 0.2 4 o
0.0 - 0.0
T Ll L] Ll L] L) L] -0'2 L] L) L] L) Ll L] L]
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

Fig. 3
capacity and kinetics.
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(a) Effect of thickness of flakes’ on the CO, adsorption capacity and kinetics. (b) Effect of pellets’ inner diameter size (cylindrical) on the adsorption
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Table 2 Fitting parameters of a pseudo-first-order kinetic model for the
effect of thickness of flakes and inner diameter of hollow pellets
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Table 3 Fitting parameters of a pseudo-first-order kinetic model for the
effect of temperature and CO, flow rate at constant adsorption temperature

Size (mm) Qe1 Qez ky ky RrR? Parameters Qe1 Qcz ks ky R?

P11 1.0 (T) 1.07 1.44 1.57 0.06 0.9999 Effect of temperature

P12 0.8 (T) 1.23 1.14 0.47 0.08 0.9999 30 °C 0.53 2.14 2.80 0.11 0.9999
P13 0.3 (T) 0.55 1.77 4.87 0.35 0.9999 50 °C 0.51 0.91 2.04 0.19 0.9999
P14 4.7 (D) 1.12 0.57 1.18 0.06 0.9999 75 °C 0.23 0.48 3.93 0.46 0.9999
P15 4.8 (D) 0.38 1.30 3.63 0.22 0.9999 Effect of flow

P16 4.7 (D) 0.97 0.75 2.04 0.16 0.9999 25 ml min " 0.26 2.96 5.50 0.08 0.9999
P17 4.7 (D) 0.95 0.77 2.07 0.17 0.9999 50 ml min™* 0.56 2.01 3.27 0.12 0.9999
P18 8.7 (D) 1.02 0.65 1.49 0.10 0.9999 75 ml min~* 0.63 1.87 2.88 0.12 0.9999
C1 — 0.86 0.83 0.59 2.86 0.9999 100 ml min™* 0.64 1.75 2.98 0.12 0.9999

C1 - powder sample, T - thickness, D - outer diameter

(Fig. S14, ESIt). Notably, reducing the diameter of the solid
cylindrical shape pellets increased the CO, uptake to 1.8 wt%
(P10) compared to 1.68 wt% (P8). The better performance of
flakes could be attributed to their more exposed surface area,
accessibility of active sites, and better diffusion of CO, due to
their thickness.

Q: = Qea(1 — (exp(—k1-t))) + Qea(1 — (exp(—ky-1)))
(1)

where Q, is the adsorption capacity in wt% at time ¢ (min). Qe
and Q., are equilibrium capacities in wt%. k; and k;- are the
pseudo-first-order rate constant (min ).

Adsorption kinetics of the pellets

The kinetic modelling of the adsorption curves provides a
better understanding of the effect of different sizes and shapes.
Typically, a pseudo-first-order model describes physical adsorp-
tion; a linear combination of pseudo-first order (eqn (1)) was
used to completely fit the TGA CO, uptake profiles.””® Instead
of dividing the experimental data into two different zones, a
single linear combination of pseudo-first-order equations
(eqn (1)) was used and found to be most suitable for fitting
the experimental data. CO, uptake data and corresponding
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fitting curves for different sizes and shapes of pellets are
illustrated in Fig. 1 and relevant kinetic parameters are sum-
marized in Table 1.

Eqn (1) was able to fit the experimental data and the model
estimated Q{Qe; t+ Qo) very close to the experimental value.
However, in some cases, the model predicted higher values than
the experimental data because some of the samples were not
saturated in the given time. In that case, we can also consider the
overestimated Q;, which could represent the sample’s real equili-
brium capacity at the saturation point. As the pellet’s size
decreased from P1 to P4, the CO, uptake increased but it
remained constant for P5 and P6, which is also supported by
the kinetic parameters. Experimental data showed two adsorption
components: initially quick adsorption, likely due to the surface
adsorption, followed by a gradual increase in adsorption capacity,
which could be due to the slow diffusion of CO, in the pores. As
the pellet size decreased, Q.; and Q., increased, indicating that
both surface adsorption and inner diffusion improved.

When the shape changed from spherical to flake-type (P7),
the CO, uptake capacity increased to 2.1 wt%, which was also
supported by the kinetic parameters. The rate constant &, (1.31)
was much higher than any spherical pellets and other shapes, likely
due to the increased exposed surface area. As mentioned earlier,
Q.; represents fast surface adsorption, while Q., represents inner
pore diffusion of CO,. The highly exposed surface of the flake’s

b
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Fig. 4 (a) Effect of adsorption temperature at a fixed CO, flow rate of 50 ml min~2. (b) Effect of different flow rates of CO, at a fixed adsorption

temperature (30 °C).
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shape led to much faster saturation than another shape, as
supported by the &, value (Table 1). Pore diffusion and saturation
were also completed at the same time as other spherical and
shaped pellets. Q,, Le., 1.29 wt%, is the highest among all sizes
and shapes, with similar rate constants of &; (0.069).

Effect of thickness of the flakes and inner diameter of the
hollow cylindrical pellets

We hypothesized that increasing the thickness of the flakes and
modifying the pore diameter of the hollow pellets would alter
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Fig. 5 20 cycles of CO, adsorption—desorption of porous carbon pellets. (a

P7 pellet.
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the CO, uptake and kinetics (Fig. S14-S22, ESIt). Specifically,
we expected a decrease in adsorption capacity and a change
in kinetics in both cases. As with decreasing flake thick-
ness, the CO, uptake capacity increased to 2.2 wt% and
reached saturation (P13) faster compared to P11 and P12, with
corresponding changes in kinetics parameters (Fig. 3a and
Table 2). The thinnest flake (P13) showed much faster adsorp-
tion saturation compared to other flakes (P11 and P12), and fast
kinetics were also supported by the change in k; and &, values
(Table 2).

(b)
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) P4, (b) P6, (c) P7, (d) P9, (e) P10. (f) Cyclic N, adsorption—desorption of the
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Similar trends were observed in the hollow cylindrical pel-
lets (Fig. 3b). As the inner diameter increased (P14-P17), the
overall CO, uptake increased. However, k; increased from 1.18
for P14 to 3.63 for P15 due to better diffusion of CO, (Table 2).
Further changes in the diameter did not improve the kinetics,
and the k; value became constant. P18, which is almost twice
the size of other cylindrical hollow pellets (P15-P17), has a
similar adsorption capacity to the other pellets. Then, a
decrease in rate constant (k; and k;/) suggested that a large
inner diameter did not improve the kinetics further. This could
be due to a decrease in contact time between the CO, and the
surface, increasing the space velocity of CO,, resulting in
decreased kinetics. A powder sample was also used to determine
the effects of binder and diffusion limitations in the pellets
(Table 2 and Fig. S23 and S24, ESIY). Although, the pellets showed
better performance compared to powder samples for both CO,
uptake and k&, (Table 2). k; of the powder sample was found to be
much higher than that of the pellets, which exhibited that CO,
diffusion inside the pellets or carbon particles in the pellets is
slower than that in the powder; however, the overall performance
improved even better than the powder.

Effect of adsorption temperature and flow rate of CO,

To further evaluate the pellets (P7), CO, adsorption isotherms
were measured at three different temperatures (Fig. 4a, and
Fig. S25, ESIt), and the effect of CO, flow rate was also analysed
(Fig. 4b, and Fig. S26, ESIT). It is very well-known that the
physical adsorption capacity significantly decreased at high
temperature as the adsorption temperature increased from
25-75 °C. At 25 °C, P7 showed an adsorption capacity of
2.4 wt% within 15 min, which is still increasing and not yet
saturated. At 50 °C and 75 °C, the adsorption capacity reduced
to 1.3 wt% and 0.71 wt%, respectively, which showed that
adsorption is completely physical. The pseudo-first-order
model predicted an adsorption capacity that was quite close
to the experimental adsorption capacity (Table 3).

The kinetic model showed the different k; and k;- values for
all three adsorption temperatures, with a higher rate constant

View Article Online
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at 75 °C, indicating that the diffusion is faster at high tempera-
tures despite a decrease in adsorption capacity (Table 3). P7
demonstrated maximum adsorption capacity at 25 °C, so the
effect of CO, flow rate at a fixed adsorption temperature of 25 °C
was measured and analysed. While the adsorption capacity did
not change at different flow rates (Fig. 4b), both k; and k;
changed, with &; decreasing as the flow rate increased from 25
to 100 ml min~" (Table 3). This indicates that higher molecular
velocity reduces the contact time between the surface and CO,
molecules. Apart from k; and k,/, the total estimated adsorption
capacity (Qe; + Qep) Was higher than the experimental data, which
seems correct since none of the adsorption isotherms achieved
saturation within 15 min.

Adsorption/adsorption cycles

Several pellets were investigated for cyclic CO, adsorption-
desorption over 20 cycles (Fig. 5). All the pellets P4, P6, P7,
P9, and P10 showed average CO, adsorption capacities of 1.8,
1.8, 2.0, 1.7, and 1.9 wt%, respectively, with no degradation in
the CO, adsorption performance. The P7 pellets were also
analysed for N, adsorption and found to be stable for 20 cycles
under similar conditions. The pellet’s N, adsorption capacity
was 0.4 wt% (the powder sample also showed similar N,
adsorption capacity), indicating that the pellets are not 100%
selective for CO,, typically a case of physical adsorption.
The pellets exhibited selectivity of 79%, 79%, 88%, 75%, and
83% for P4, P6, P7, P9, and P10, respectively, for CO, over N,
(assuming a constant N, adsorption capacity of 0.4 wt% for all
pellets). However, a continuous mass loss could be due to the
loss of physically adsorbed H,O in the pore, and similar trends
were even observed in powder samples (Fig. S27 and S28, ESIT).
Low selectivity could be an issue in these pellets; however, they
can be useful for CO, adsorption from other gas mixtures at
reduced cost. Comparison with data published using physical
adsorption of CO, are summarized in Table 4. The comparison
showed that the pellet adsorption capacity is competitive
compared to the powder samples. Most of the results in the

Table 4 Comparison with the reported CO, adsorption data using physical adsorption

Samples Surface area (m* g~')  Adsorption capacity (mmol g~')  Selectivity =~ Shape Ref.
Activated charcoal pellets — 0.5 (at 30 °C, 1 atm, 15% CO,) 70-90 Pellets This work
Activated charcoal powder 850 0.4 (30 °C, 1 atm) 80 Powder This work
Triamine grafted alumina pellet 84 0.46 (25 °C, 400 ppm) — Pellet 42
Triamine grafted silica pellet 395 0.38 (25 °C and 1 bar) — Pellets 51
MCM-48 1024 0.06 (50 °C and 1 atm) — Powder 59
Biochar 451 0.41 (120 °C and 1 atm) — Powder 60
1.77 (30 °C and 1 atm)

Activated fly ash — 0.30 (30 °C and 1 atm) — Powder 61
Activated carbon bagasse 800 1.10 (25 °C and 1 bar) — Powder 62
Commercial activated carbon 0.25 (40 °C and 0.15 bar) — Powder 63
Carbon monolith 486 0.66 (30 °C, 100 kPa) — Powder 64
N-doped porous carbon 1770 4.40 (25 °C, 1 bar) 21 Powder 65

Porous carbon 762 2.36 (25 °C, and 1 bar) 18 Powder 66
Carbon fiber 2292 3.01 (25 °C, and 1 bar) 23 Fiber 67
MOF-based carbon monolith 516 0.76 1 (25 °C, and 1 bar) 10.6 Monolith 68
Microporous carbon monolith (NAC-800-3) 1154 2.81 (25 °C) 82.0 Monolith 69
Carbon monolith (CM950) 1225 1 (25 °C and 1 bar) 6.69 Monolith 70
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literature were produced using power samples and volumetric
adsorption of 100% CO,.

Conclusions

As the shapes are changed to cylindrical (P8) and hollow
cylindrical pellets (P9), the CO, uptake capacity is reduced
compared to flakes (P7). The kinetic parameters differentiate
the effect of two shapes (cylindrical and hollow cylindrical)
(Table 1). The rate constant k; for P9, which was higher than P8,
is likely due to the hollow nature of the pellets and thus better
diffusion of CO, on the surface. However, it was lower than the
k, value for the flake-like P7 (1.31) and the narrow cylinder P10
(1.41), reflecting the role of a larger exposed surface. As the size
of the solid cylindrical pellets decreased, the CO, uptake
capacity and kinetics parameters changed, indicating the high
sensitivity of CO, adsorption to the size and shapes.

Compared to conventional powder sample analysis and
reporting at the lab scale, designing and investigating pellets/
monoliths/contractors under relevant industrial flue gas
applications and direct air capture provided more reliable
information and data to convert lab-scale invention to applied
applications. Studying different sorbents in shaped forms
advances fundamental investigation and understanding.
We designed and investigated the physical adsorption of CO,
in different sizes and shapes (spherical, solid cylindrical,
hollow cylindrical, and flakes). Shaped pellets exhibited an
average adsorption capacity of 0.5 mmol g~ " and were analysed
for 20 cycles. However, the current pellets are not 100%
selective for CO,, and the pellets exhibited CO, selectivity of
around 80% over N,. This work can be seen as a reference to
investigate and develop solid sorbents of different shapes and
sizes for targeted applications. To further enhance the selectiv-
ity and adsorption capacity, chemical modification (surface
hydrophobicity and compositing with silica, cellulose, etc.) of
shaped pellets could be beneficial and advantageous for large-
scale CO, capture.
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