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Characterization of amino-functionalized CSs

The external surface and internal morphology of the samples were examined using a
field emission scanning electron microscope (SEM, Hitachi High-tech Regulus 8220,
Japan). Elemental analyses for carbon, hydrogen, and nitrogen were performed with a
Vario EL Cube elemental analyzer (EA, Elemental, Germany), which offers a precision
of <0.1% for C, H, and N. X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha™, USA) was employed to analyze surface chemical states, using a
monochromatic Al Ka X-ray source (hv = 1486.6 e¢V). Fourier transform infrared
(FTIR) spectra were recorded on a PerkinElmer spectrometer equipped with an ATR
accessory. Spectra were collected in the range 4000-600 cm™ with a resolution of 4
cm ! by co-adding 32 scans. The elemental compositions of C, O, and N on the surface
of the samples were directly determined by energy-dispersive X-ray spectroscopy
(EDS, FEI Nova nanoSEM 450, USA). Thermogravimetric (TG) and derivative
thermogravimetric (DTG) analyses were carried out using a STA800 synchronous
thermal analyzer (PerkinElmer, USA). The measurements were conducted under a flow
of high-purity N2 (99.99%) at 50 mL/min with a heating rate of 10 °C/min up to 800 °C,
and the maximum weight loss peak was determined from the derivative curve. The
specific surface area and pore structure of the samples were determined using a surface
area and porosity analyzer (Micromeritics ASAP 2460, USA). Before measurement,
about 100 mg of sample was degassed at 120 °C for 8 h under vacuum (< 50 mTorr).
N: adsorption—desorption isotherms were recorded at =196 °C using liquid nitrogen.
Macropore size distribution (Vacr0) Was determined by an automatic mercury intrusion
porosimeter (MIP, Micromeritics AutoPorelV 9500, USA). The measurements were
conducted progressively in the pressure range from 0.1 psi to 61,000 psi corresponding

to a pore diameter from 5 nm to 350 pm.



CO; Adsorption Performance

The CO: adsorption capacity was measured using a simultaneous thermal analyzer
(PerkinElmer STA 8000, USA). Pure CO: was used to evaluate the intrinsic CO: uptake
of the sorbents, while the 15 vol% CO-/85 vol% N2 mixture was selected as a surrogate
post-combustion flue gas composition!. For the adsorption step, the samples were first
heated to 120 °C at 5 °C min! under N2 (50 mL min™") and held for 30 min to ensure
complete outgassing. The system was then cooled to the target adsorption temperature
(30, 50, 70, 100, or 120 °C), after which the inlet gas was switched to either pure CO:
(50 mL min™") or a 15 vol% CO2/85 vol% N: mixture (50 mL min™'). Among these
temperatures, 70 °C lies within a practically relevant window for medium-temperature
post-combustion CO: capture and was therefore chosen as the reference condition for
detailed kinetic and cyclic adsorption—desorption experiments. The adsorption heat and
desorption energy consumption during CO: release were evaluated by differential
scanning calorimetry (DSC) integrated into the thermal analyzer. The CO- adsorption
capacity, expressed in mmol g', was determined from the sample mass change during
the adsorption phase, and the cyclic adsorption performance was assessed by repeating

the procedure for 10 consecutive cycles.



Calculation of performance indicators:

(1) The BET surface area (Sggr) was calculated from the linear part of the BET

plot in the relative pressure (P/P,) range of 0.01-0.30. The total pore volume (V) was

estimated from the amount of N2 adsorbed at P/Po =~ 0.99. The t-plot method (P/Po =

0.10-0.20) was used to estimate the micropore volume (V ;c), and the mesopore volume
(Vimeso) and pore size distribution were obtained from the adsorption branch using the
BJH model.

(2) For the analysis of cumulative pore volume loss, the pore size distributions
obtained from the BJH model were further processed. The cumulative pore volume
within a given pore-size window (2—20 nm, 2—50 nm, or 2—100 nm) was calculated by
integrating the BJH pore volume distribution over the corresponding diameter range.

The pore volume loss (AV, cm? g™') was calculated according to the following equation:

AV = chm,CSs - chm,amine sample

where Veumcss 18 the cumulative pore volume of the pristine CSs within the
specified pore-size range, and V um amine sample 1S the cumulative pore volume of the
corresponding amine-functionalized sample within the same range.

The resulting AV values were plotted as a function of amine loading, as determined
from elemental analysis (Table S1, EA), in Figure 4e,f and Figure S9.

(3) CO2 adsorption capacity/ CO: uptake

A
The equilibrium CO- adsorption capacity ( COZ, mmol g') obtained from TGA

was calculated from the mass gain of the sorbent according to:

Am

where Am (g) 1s the mass increase during CO: adsorption, mo (g) is the initial dry
mass of the sorbent, and 44 is the molar mass of CO: (g mol™).

(4) Amine utilization efficiency (1, %) was calculated according to the following
equation:

Aco
X 100%

T’ =
amine
5



where ACOZis the CO: adsorption capacity (mmol/g) and N amine 1s the amine group
content, was quantified by CHN elemental analysis and expressed as millimoles of
nitrogen per gram of dry sorbent (mmol N g™).

(5) t9o/t80: Time to reach 90% and 80% of equilibrium uptake (Too, Tz0)

(6) Average adsorption rate up to 80% uptake

The average adsorption rate up to 80% of the equilibrium capacity (Rso, mmol g™

min') was calculated as:

* A
Rio=(0.80  “92)/15

(7) Peak adsorption rate
The peak adsorption rate (Ryca, mmol g™ min™') was obtained from the CO-

uptake—time curves at 70 °C under 100 vol% CO: (Figure 6e,f) according to:

A
R pea = max, (4 %2/dt)

D
3
(8) Time
The percentage of CO: uptake achievable within the first 3 min was determined by
integrating the DTG curve over this time interval.
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Figure S1. pH assessment of amine-functionalized CSs after water soaking.
Note: To qualitatively evaluate post-synthesis amine leaching, each sample (0.10 g;
CSs, CSs-PEI(P), CSs-PEI(I), CSs-TEPA(P), or CSs-TEPA(I)) was dispersed in
deionized water (10 mL) and shaken at room temperature for 1 h. The suspensions were
then allowed to settle (or briefly centrifuged), and the supernatants (aqueous extracts)
were collected. The pH of each extract was assessed using a standard pH indicator
strip/card and recorded by comparison with the reference color scale. As free-amine
controls, aqueous PEI and TEPA solutions containing an equivalent total amine mass
to the corresponding loaded amount were prepared in 10 mL water and measured under
the same conditions. The total nitrogen (TN) concentrations in the aqueous extracts are

summarized in Table S2.
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Figure S14. CO: adsorption capacity at 70 °C of in situ TEPA-functionalized CSs
with different TEPA loadings.
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Table S1. Content analysis of C, H and N elements and actual load calculation of
amine-functionalized CSs.

Actual amine loading/grafting
Content of elements (wt.%)

Sample amount (wt.%)
N C H Based EA! Based TG?
CSs 1.24 66.29 2.90 \ \
CSs-PEI(P) 15.08 60.42 6.20 44.2 42.6
CSs -PEI(I) 15.76 54.21 7.51 46.4 49.1
CSs -TEPA(P) 16.09 59.58 5.27 41.5 42.0
CSs -TEPA(I) 17.21 48.86 6.88 44.6 48.5
Spent CSs -PEI(P) 1596  64.69 5.65 47.0 ;
Spent CSs -PEI(I) 16.92 63.9 6.24 50.1 -
Spent CSs -TEPA(P) 15.59 60.9 491 40.1 -
Spent CSs -TEPA(I) 1801  56.87 6.61 46.9 -

Note:

1. Calculate the mass percentage of the amine groups using the nitrogen content. Assuming that
the nitrogen element is entirely derived from the amine groups, determine the molar ratio
between the nitrogen element and the amine groups based on the chemical formula of the amine

groups.

N wt.% X Tehe molar mass of amine groups

Amine Loading (wt.%) = The molar mass of nitrogen in the amine groupx100%

2. Determine the weight loss percentage (AW) in the 150—400°C range, attributed to amine group

decomposition. Using the initial sample mass (Mo), calculate amine loading as:
AM
Amine Loading (wt.%) = Mo x100%

This assumes the weight loss is solely due to amine decomposition.

The density of PEI used in the experiment is 1.03 g-cm-3, so the theoretical maximum
load of the original superparticle carbon ball matrix pore is:

(1.03X0.692) / (1.03X0.692+1) =42 wt.% (S1)
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Table S2. Total nitrogen (TN) concentration in soaking solutions after water soaking

of amine-functionalized CSs.

Sample TN concentration
(soaking solution after water soaking) p(TN) (mg L)
CSs 0.038
PEI
the corresponding free-amine solutions 442.316
CSs-PEI(P) 35042
CSs-PEI(I) 23916
TEPA
the corresponding free-amine solutions 672.842
CSs-TEPA(P) 231411
CSs-TEPA(I) 169.558
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Table S3. Adsorption heat and desorption energy consumption.

Adsorption heat AHr Desorption energy consumption Q
Sample
[kJ-mol co,™] [kJ-mol co,™]

CSs? 18.70 13.89
CSs-PEI(P)® 49.18 66.26
CSs-PEI(I)® 33.14 55.09
CSs-TEPA(P)® 40.80 89.27
CSs-TEPA(I)® 63.17 92.01

Note:

a: The operating conditions of adsorption and desorption were 30 min at 30°C and 30 min at
120°C, respectively.

b: The operating conditions of adsorption and desorption were 70°C for 60 min and 120°C for

30 min, respectively.

AH,

1. Adsorption heat ( )

During the adsorption step, the heat-flow data were corrected by subtracting the
blank (empty-pan) baseline. The net heat released during adsorption was calculated by

integrating the baseline-corrected heat-flow curve:

Qads = f(wsample - Q)blank)dt
The adsorption heat per mole of CO, was then calculated as:

Qads

Neo

AH =

T
2

Neo,, . ) e AH. . .
Where 2 is the amount of CO, adsorbed, mol; A positive 7 indicates

exothermic adsorption, kJ-mol ¢o,!
2. Desorption energy consumption (Q)

The total energy required for desorption includes the energy needed to heat the
sample from the adsorption temperature to 120 °C (Qpeat), and the heat-flow signal
associated with CO2 desorption (Qges), kJ-mol oy

Qheat = Ctotle(Tdes - Tads)

Qdes = f(mdes - Q)blank)dt
The total desorption energy per mole of CO: is:
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_ Qheat + Qdes

n
co,
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Table S4. Comparisons with Existing Studies

Material

type

Porous structure

SBET \4

(m?/g) | (cm?/g)

Vave.
(nm)

Amine payload and method

(Wt%o)

Amine efficiency

(mmol COy/mmol N %)

CO:; adsorption capacity

(mmol/g)

Adsorption
heat

(kJ-mol ")

g0,

Deactivatio
n rate per

cycle

Ref

Silica

267° -

PEI: 30.0, post load

19

1.7
Weight method
(100% CO2 at 25 °C)

Silica

195° 0.39°

60

PEI: -, post load

0.9
Weight method

(100% CO, at 25 °C)

Silica

502° 5.46P

PEI: 56.5, post load

33

43
Weight method

(100% CO, at 75 °C)

5.5

min

1.70%

Silica

156° 0.84°

PEI: 51.7, post load

27

3.2
Weight method

(100% CO, at 25 °C)

~10h

Silica

54b 0.05°

4b

TEPA: 75.0, post load

28

5.6

Weight method

49.5

1.90%
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(100% CO, at 70 °C)

Silica

2612

1.812

10-

152

PEI: 50.0, post load -

3.7
Weight method
(15% CO, and 3%
H,0 in N, balance at

40 °C)

177.3

~10.00%

(14 days)

Silica

4b

0.06°

TEPA: 70.0, post load 31

5.8
Weight method
(15% C02 in N2

balance at 75 °C)

13

6.90%

Silica

540

0.48°

23b

TEPA: 50.0, post load 38

5.1
Weight method
(15% COZ in N2

balance at 75 °C)

0.69%

Silica

140

0.08°

18°

PEI: 40.0, post load -

2.3
Weight method
(15% CO, in N,

balance at 75 °C)

56.0

min

10
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4.3

ALO; 3882 1.612 13.12 PEI: 60.0, post load 29 Weight method - 4 min 0.14 % 1
(100% CO; at 90 °C)
2.1
Mixed amine:-, in-situ 22
Polymer 117° 0.40° 13° 48 Weight method - - 12
grafting min
(100% CO;, at 75 °C)
6.5
Polymer 1490 - - PEL -, post load - Volume method - - 1.54% 13
(100% CO; at 25 °C)
7.1
Phthalimide: 60.0, in-situ
Polymer 3350 60.3% 3b - Volume method - ~3h - 14
grafting
(100% CO; at 25 °C)
1.7
~2
Polymer 234b - - PEI: 50, post load - Weight method - . 0.70% 15
min
(100% CO;, at 75 °C)
2.9
~2.5 This
CSs 27° 1.3 27.5% | TEPA:48.5, in-situ grafting 49 Weight method 92.0 1.03%
min work

(100% CO, at 75 °C)
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Note: 2 Pore structure of the pristine support. ® Pore structure of the sorbents after amine functionalization.
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