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Characterization

The thermodynamic properties of the coffee grounds (precursor) were evaluated by
thermal gravimetric and differential thermal analysis (TG-DTA, TG 209 F3,
NETZSCH, Germany); the samples were heated up to 1073 K at a rate of 10 K min™!
under an N, atmosphere. The surface morphologies of all the samples were analyzed
by scanning electron microscopy (SEM, Model SU8010, Hitachi Co. Japan). X-ray
diffraction (XRD) patterns were measured using the D2 PHASER system (Bruker,
Germany) at 30 kV and 10 mA with Cu-Ka radiation. The elemental composition and
chemical bond energy on the AC surfaces were analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific, K-Alpha, USA). The CO, and N, gas
adsorption isotherms of the samples were measured with an automatic gas adsorption
analyzer (Anton parr, autosorb iQ, USA). The pore size distribution and specific
surface area for carbonaceous slit-like pores were determined from the N, adsorption—
desorption isotherms using the quench solid density functional theory (NLDFT) model

and Brunauer—-Emmett-Teller (BET) method, respectively.

Adsorption under flue gas condition (gravimetric analysis)

The experimental setup used for the binary mixture gas adsorption measurements is
shown in Fig. S1. The flue gas adsorption measurements were performed using a
thermogravimetric analyzer (TGA, Pyris 1, PerkinElmer, USA). Before the
measurements, the samples were heated to 200 K at a rate of 5 K min™! for 6 h in
vacuum to remove organic impurities and moisture. In the adsorption stage, the

temperature was maintained at 313 K for 1 h under a mixed gas atmosphere containing



15% CO, and 85% N,, which is similar to the flue gas composition of a fossil-fuel
power plant. In the desorption stage, a non-heating desorption process was performed

for 1 h in vacuum rather than under the flue gas atmosphere.

Adsorption Kinetics study

Adsorption kinetics, cyclic stability, and facile regeneration are equally important
factors just like high CO, adsorption capacity. To evaluate the adsorption kinetics, here
we have measured time-dependent CO, adsorption isotherms of SCF-800 using TGA at
various temperatures 303, 313, and 323 K under atmospheric pressure (see manuscript).
To estimate the CO, kinetics, the experimental data was fitted by pseudo-first-order and
pseudo-second-order models. Both models explain adsorption rate where pseudo-first-
order depends upon the number of adsorption sites (Eq. S1) while pseudo-second-order

assumes square of the number of adsorption sites (Eq. S2).
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Here, q., and q; denotes adsorption uptakes at equilibrium and time “t”, respectively.
Additionally, k;, k, denote adsorption rate constants obtained by fitting the experimental
data with pseudo-first and pseudo second-order, respectively. Notably, pseudo first-
order best fits the experimental data with R?>0.99 at all temperatures, compared to
pseudo second-order, which further indicates the physical adsorption mechanism of CO,
capture - 2. Additionally, the activation energy was also determined using the following

Eq. S3.
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Here “A” is Arrhenius's exponential factor, “E,” is the activation energy, “R” is the
universal gas constant, and “T” represents absolute temperature. A linear fitting graph
between the natural log of k; and inverse of temperature (i.e., 1/T) was drawn (see
manuscript). The activation energy based on obtained fitted parameters was calculated
to be 541 kJ mol!, revealing the CO, adsorption mechanism predominantly

physisorption 3.
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Fig. S1. Experimental setup of the binary mixture gas adsorption (gravimetric analysis)

and cycling measurements
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Fig. S2. N, adsorption—desorption isotherms of the prepared samples at 77 K in SCF-
900 (P/P, range of 0.8-0.99



Table. S1 The Elemental compositions determined by XPS and chemical EA

Samples i‘:ﬂ:gi;t.%) XPS analysis (at.%)
Ca Ob He ca Ob

PACF 92.9 33 2.0 96.4 3.6
SCF-500 91.5 3.4 1.8 96.2 3.8
SCF-600 92.1 3.9 1.9 95.1 4.9
SCF-700 92.5 4.2 1.8 94.9 5.1
SCF-800 91.8 4.6 1.6 93.6 6.4
SCF-900 91.4 5.2 1.4 92.7 7.2

a Carbon contents, ® Oxygen contents, ¢ Hydrogen contents

Table S2. Comparison of the specific surface area of ACFs prepared by physical

activation
Samples Precursor Activating Activation Specific References

agents conditions surface

Temp. (K) Time arca
(h) (m? g

SCF-800 Pitch H,0 1073 1 1910 This work
SCF-800 Pitch H,O 1173 1 2564 This work
HPAC950  Petroleum pitch CO»/H,0O 1223 1 2046 4
HPAC1000 Petroleum pitch CO,/H,0O 1273 1 2506 4
ACF-1123  Commercial ACF H,0 1123 1 1900 3
ACF-1173  Commercial ACF H,O 1173 1 3340 :
ACF-850-4 Isotropic pitch CO,/H,O 1123 1 1980 6
ACF-900-3 Isotropic pitch CO,/H,O 1173 1 2129 6
ACF-3 Commercial CF H,O 1173 0.6 2650 7
ACF-4 Commercial CF H,O 1173 0.8 3230 7
ETP-200- Ethylene Tar CO, 1173 1 922 8
fiber
ETP-250-  Ethylene Tar CO, 1173 1 1047 8

fiber




Table S3. Comparison of the CO, adsorption capacities of various ACFs

Samples  Precursor Activating  Activation Specific CO, References
agents conditions surface uptakes
Temp. Time area at 298 K/1
K) (b (m*gh) bar
(mmol g!)
SCF-800  Pitch H,O 1073 1 1910 3.50 This
work
SCF-800  Pitch H,0 1173 1 2564 2.57 This
work

A- PAN/PVDF H,O 1173 1 925 2.21 ?
PAN/PVDF
fiber
CF-800-acf Cellulose H,O 1073 1 863 3.78 10
CF-850-acf Cellulose H,0O 1123 1 1018 3.09 10
PCF-500 PAN Air 773 1 486 2.25 1
N-ACF-7/1 Coal-based KOH 973 1 969 2.7 12

pitch blend
N-ACF-9/1 Coal-based KOH 973 1 1222 2.6 12

pitch blend
aACF PAN KOH 1073 1 1565 2.74 13
AC-900-3 PAN KOH 1173 1 1294 3.38 14
AC-900-3 PAN/CO KOH 1173 1 1090 3.28 14
MCF-A7/1 Coal KOH 973 1 1240 3.1 15
C800-A1:3 PAN/Cellulose KOH 1073 1 990 2.99 16
PKS-AC  Palm  kernel KOH 1123 2 1086 3.39 17

shells
NCLK3 Coffee powder KOH 873 1 840 3.00 18
F-600-1 Cow dung KOH 873 1 1345 3.26 19

Table. S4 The kinetic parameters for SCF-800 samples based on CO, adsorption data

fitting using psuedo first-order and pseudo second-order models at 303, 313, and 323 K.

Samples Temperature

(K)

Psuedo first-order

Psuedo second-order

K; (min")

K, (mmol g*! min-")

RZ




SCF-800 303 1.48 0.99816 1.96 0.85541

313 1.61 0.99224 2.23 0.86988
323 1.72 0.99801 2.86 0.91047
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