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1. Experimental section

1.1 Materials. Tetraethyl orthosilicate (TEOS), (3-Aminopropyl) triethoxysilane (APS),
methyl acrylate (MA) and ethylene diamine (EDA) and were procured from Sigma-Aldrich.
Anhydrous ethanol was purchased from Changshu Hongsheng Fine Chemical Company
(99.9%), aqueous ammonia from Rankem, and HPLC methanol from Merck. All chemicals
were used as received without any further purification. The high purity N2 (99.99%) and 400
ppm CO2 in He (99.99%; < 0.0002% H-0O) were supplied by Inox air products Pvt. Ltd. and

Sigma gases and services, India, respectively.

1.2. Synthesis of nanosilica. To prepare Nanosilica (NS), initially, 16 mL of tetraethyl
orthosilicate (TEOS) was added to 200 mL of ethanol in the presence of 16 mL of ammonia
solution and placed in a water bath under ultrasonic vibration for 2 hours.! The resulting white
solid contents were then centrifuged and washed with water and ethanol until the pH of the

supernatant is neutral. The white solid part was then dried at 80 °C under vacuum for 12 hours.

1.3. Synthesis of one-pot aminosilane modified nanosilica. The standard process for
preparing one-pot aminosilane modified nanosilica (NS-GO) involves the addition of 16 mL of
tetraethyl orthosilicate (TEOS) to a mixture containing 16 mL of agueous ammonia, and 200
mL of ethanol.? The resulting mixture is placed in water bath under ultrasonication for 2 hours
to obtain a solid white precipitate. The solid white precipitate was washed with distilled water
and ethanol several times until neutral pH was attained. The precipitate is then dried in a

vacuum oven at 70 °C for 12 hours.

1.4 Synthesis of polyamidoamine nanosilica dendrimers. The process of grafting and
propagating hyperbranched polyamidoamine nanosilica surface was attained through a two-
step procedure: (1) initiating a Michael addition reaction between methyl acrylate (MA) and
the amino groups present on the surface, followed by (2) the amidation of resultant terminal
ester groups using ethylenediamine (EDA).2 The Michael addition of methyl acrylate (MA) to
the amino groups on the surface was performed by the addition of 0.42 g of NS-GO to 7 mL of
methanol containing 0.84 g of MA, in a round-bottom flask. Subsequently, the mixture was
stirred at 50°C for 24 hours. The resulting white powder (NS-GO0.5) was isolated by multiple
washes with methanol (or washed with methanol thrice), and subsequently dried at room
temperature. The amidation of terminal ester groups was achieved by the addition of 0.84 g of
EDA to 7 mL methanol containing G0.5 white powder and heated at 50 °C for 24 hours.
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Subsequently, the resulting white powder (NS-G1.0) was washed with methanol several times
and dried under vacuum at room temperature. Further the hyperbranched polymer was
synthesized by repeating the steps involving Micheal addition with MA and amidation with
EDA till the hyperbranched polyamidoamine NS-G4.0 dendrimers were obtained.

2. Characterization. Prior to the analysis of textural properties, pristine NS and PAMAM
modified NS adsorbents are outgassed at 110 °C for 3 hours under ultrahigh vacuum,
respectively. The low temperature (110 °C) outgassing condition is chosen to avoid the amine
loss.*® Powder X-ray diffraction (P-XRD) data is recorded on a Rigaku SmartLab advanced
diffractometer with monochromatic Cu Ka radiation (A = 0.154 nm) at a step size of 0.02° and
counting time of 3s/step over a 20 range from 5 to 45°. The morphology and microstructure of
adsorbents are observed under field emission scanning electron microscopy (FESEM) (Carl
ZEISS Supra-55, accelerating voltage of 5 kV) and transmission electron microscopy (TEM)
(FEI Tecnai G2, F30, operating voltage 300 kV). EDS and elemental mapping analysis are
performed on EDAX Octane ELITE T70 (operating voltage 300 kV). The N2 physisorption
measurements are carried out at —196 °C using a Quantachrome Autosorb iQ2 TPX automated
gas sorption system to investigate the physicochemical properties (surface area and pore
volume) of the adsorbents. The specific surface area of adsorbents is calculated using the
Brunauer-Emmett-Teller (BET) equation in the relative pressure (P/Po) range of 0.05-0.30 from
the adsorption branch. Pore size distribution is calculated using the NLDFT (Non-Local
Density Functional Theory) model.® The total pore volume is calculated based on the total
amount of adsorbed N at P/Po of 0.99. The amine loading of the adsorbent is determined by
using a Mettler-Toledo TGA/DSC-1 thermal analyzer. The data is recorded by heating the
sample under nitrogen flow from 25 to 800 °C with a ramp rate of 5 °C/min. Amine loading is
defined as the mass percentage of the amine loss to the total sorbent mass during the
temperature range of 120-800 °C. The molecular composition of the adsorbent is identified by
Fourier transform infrared (FT-IR, PerkinElmer) spectrometry in attenuated total reflection

(ATR) mode in the wavenumber range 4000—-400 cm .

3. Evaluation of CO2 adsorption performance

3.1 CO2 uptake under direct air capture condition (400 ppm CO:2 in He). To assess the
efficacy of NS-PAMAM dendrimers, for carbon dioxide (CO2) adsorption during a simulated
Temperature Swing Adsorption (TSA) cycle,” we performed thermogravimetric measurements

using a Mettler Toledo TGA/DSC-1 instrument. The TSA cycle involved four distinct steps:
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desorption, cool down, adsorption, and heat up. In the experimental procedure, a 0.012 g
powder sample was placed in an alumina crucible and subjected to a 3-hour outgassing period
at 110 °C under a nitrogen flow of 20 mL/min to eliminate moisture (step I). Subsequently, the
temperature of the adsorbent was reduced to 30 °C over 27 minutes (step Il) and stabilized for
10 minutes under a nitrogen flow (step II). Following this, the adsorbent was exposed to a
mixture of 400 ppm COz in helium (20 mL/min) for 12 hours at 30 °C (step IV). The adsorption
duration was carefully selected to ensure the attainment of pseudo-equilibrium adsorption
capacity, with the weight change remaining below 8x107 % per min.2

3.2 Direct CO2 adsorption under indoor air condition. In this investigation, the synthesized
PAMAM dendrimers were assessed for their ability to capture CO2 from indoor air using a
flow-through setup. Each sample, weighing 0.1 g, was placed within an adsorbent bed fitted
with a heating tape. During the 0.5-hour adsorption phase, an airflow of approximately 2 L/min
was directed through the adsorbent bed. For desorption, the adsorbent bed was heated to 80 °C
while for 0.5 h. The concentration of CO- in the chamber was continuously monitored using a
CO: analyzer (ATS-206A), and the adsorption capacity was determined by integrating the
quantity of CO> captured over the 0.5 h period.

3.3 Reutilizing CO2 Released from NS-G3.0 during desorption by conversion to formate.
Further, to reutilize the CO> produced during the desorption of CO. captured over NS-G3.0,
we adopted a two-step CO2 hydrogenation process. NS-G3.0 (0.1 g) underwent an adsorption
cycle at 30 °C and 400 ppm CO: and later for the desorption step heated at 80 °C for 0.5 h. The
released gas CO> (confirmed by GC-TCD analysis) is passed through KOH (1 mmol) in water
(5 mL) for 2 h to capture CO; (as COs%", confirmed by *3C NMR spectra). The effluent gas was
analyzed to have only N2 gas (as confirmed by GC-TCD), confirming the complete capture of
COz released during the desorption process. Later, this solution containing CO3?" is transferred
to a 50 mL high-pressure reactor and pressurized with Hz gas (20 bar) and [Ru]-1 (0.025 mmol)
heated at 80 °C for 6 h. After cooling to room temperature, the gas is released, and the resulting

solution is finally analyzed by *H NMR (D20) from the reactor.

3.4 Reutilizing CO2 Released from NS-G3.0 during desorption by conversion to CaCOs3
pellets. The experimental setup involved utilizing desorbed CO; obtained from NS-G3.0. The
desorbed CO2 was passed through a 5 mL solution of Ca(OH)..1° The desorption process was
carried out under N2, at 80°C for 0.5 h. Subsequently, the desorbed CO, was bubbled through
the Ca(OH). solution until the lime water exhibited a milky appearance, indicating the
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formation of a white precipitate. The formed precipitate, identified as CaCO3, was carefully
separated, washed thoroughly, and subjected to centrifugation. Afterward, the precipitate was
dried and then transformed into small pellets, making it ready for further applications in line
with the objective of repurposing desorbed CO2 from NS-G3.0 into a useful product.
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Scheme S1. Preparation of NS-PAMAM dendrimers.
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Figure S1. P-XRD patterns of NS-PAMAM dendrimers.
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Figure S2. FTIR spectra of (a) NS, NS-G0O, NS-G1.0, NS-G2.0, NS-G3.0, and NS-G4.0 and
(b) NS, NS-G0.5, NS-G1.5, NS-G2.5, and NS-G3.5.
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Figure S3. TGA curves of NS-PAMAM dendrimers.
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Figure S4. (a) N2 adsorption-desorption isotherm at -196 °C and (b) corresponding pore size
distribution obtained using NLDFT method of NS-PAMAM dendrimers.
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Figure S5. (a-f) FESEM images of (a) NS, (b) NS-GO0, (c) NS-G1.0, (d) NS-G2.0, () NS-G3.0,
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Figure S6. (a) TEM and (b) HAADF-STEM images of NS-GO.
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Figure S7. (a) TEM and (b) HAADF-STEM images of NS-G3.0.
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Figure S9. Effect of increasing NS-PAMAM dendrimers on the CO. uptake performance.
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Figure S11. P-XRD studies of NS-G3.0 after 10 successive adsorption-desorption cycles
under indoor air (>400 ppm CO2, 50+3% RH at 30 °C).
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Figure S12. *3C NMR obtained for CO- desorption (desorption period: N2, 0.5 h, 80 °C) and
further passed into KOH (1 mmol), water (5 mL).
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Figure S13. GC-TCD analysis of (a) CO2 desorbed by NS-G3.0, (b) analysis after CO> capture
(c) standard pure CO> gas (99.999%) (CO: adsorption-desorption carried out under >400 ppm
COg, 50 £3% RH, adsorption period: 0.5 h, 30 °C, and desorption period: N2, 0.5 h, 80 °C).
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NMR spectrum with D20 as solvent after the hydrogenation of captured CO2 (CO3z*) to
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General procedure for calculation of formate vyield after CO2/ (bi)carbonate

hydrogenation reactions.

For calculating the yield of formate:

_ IfXIiSXVT

Y
VR

Where,

Yt = Yield of formate in mmol

It = Integration value of formate

lis = Integration value of internal standard

V1 = Total volume of reaction aliquot (mL)

Vr = Volume of reaction aliquot taken for NMR analysis (mL)

As per the data from Figure S10:

043x0.25x5
Yi= —=0.99
0.54

Table S1 Amine loading! on studied adsorbents (from TGA and EDS Analysis).

Material N content
From TGA From EDS analysis
(mmolN/qg) (wt%o)
NS 2.7 0.9
NS-GO 4.2 1.2
NS-G0.5 6.2 2.3
NS-G1.0 6.6 2.6
NS-G1.5 6.9 2.7
NS-G2.0 7.1 2.8
NS-G2.5 7.4 3.2
NS-G3.0 8.6 3.4
NS-G3.5 9.2 3.8
NS-G4.0 9.6 4.3

IAmine loading is defined as the mass percentage of the amine loss to the total sorbent mass
measured from TGA.
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Table S2 Textural properties and CO adsorption results of PAMAM dendrimer modified NS.

Material Seet® | Viotal® Pore gco2® gco2®
(m?/g) | (cm®/g) | diameter | (mmol/g) | (mmol/g)

(nmy | 30°C, | 30°C,

400 ppm | indoor
air

NS 912 1.43 3.79 0.09 0.15
NS-GO 178 0.84 3.77 0.16 0.24
NS-GO0.5 18 0.09 3.78 0.24 0.43
NS-G1.0 32 0.09 3.77 0.19 0.45
NS-G1.5 23 0.09 3.77 0.23 0.59
NS-G2.0 25 0.09 3.54 0.30 0.61
NS-G2.5 21 0.09 3.43 0.45 1.04
NS-G3.0 24 0.07 3.43 0.50 1.54
NS-G3.5 20 0.05 3.38 0.28 1.25
NS-G4.0 22 0.02 3.09 0.27 0.84

aSpecific surface area calculated using BET method (P/Po = 0.05-0.30).

bTotal pore volume calculated from N2 adsorption at P/Po = 0.99.

°Pore diameter calculated using NLDFT method.

4CO; adsorption capacity measured using TGA for 400 ppm CO: (simulated air).
8CO2 adsorption capacity measured using TGA for >400 ppm CO2 (indoor air).

Table S3 Comparative chart of CO, adsorption performance of amine-based adsorbents under
DAC condition.

; COz uptake Amine
Amine .
Amine | T | €% |loading | __(mmolig) | efficiency
Support tvpe °C) conc. (mmol | D Humid (mmol Ref.
yp (ppm) ry | RUMid \ co/mmo
N/g) | CO2| CO I N)
Nanosilica | PAMAM | 30 | 400 | 86 | 050 | - 0.06 o
Nanosilica | PAMAM | 30 | >400 | 86 | 1.02 - 0.12 e
Nanosilica | PAMAM | 30 | >400 | 86 - | 1542 0.18 e
SBA-15 PAMAM | 20 | 90% - 0.95 - - 1
SBA-15 PAMAM | 30 | 90% - 0.45 - - 12
W-AG-150A | TMPTA | 25 | 400 512 | 0.77 | 1.09° 0.15 13
HBS TMPTA | 25 | 400 | 7.73 | 1.04 - 0.13 14
OHNS AAMS | 25 | 400 - 0.55 - 15
Mesocellular | \oryis | 25 | 400 | 270 | o054 | - 0.20 16
silica foam
Mesocellular | \\aps | 25 | 400 | 241 |017| - 0.07 16
silica foam

S17




0-Al,03 APS 30 | 400 543 | 0.76 - 0.14 7
D-Al,03 APS 30 | 400 413 | 0.62 - 0.15 17
. AEATPM 400- . 0.16 18
Silica gel S 25 440 2.48 0.40 | 0.44 0.18
Nano
fibbrillated AEA;’ DM 25 | 506 | 49 | - | 139 | o028 19
Cellulose
Nano 0.26
fibrillated APDES 23 400 4.9 1.11 | 2.13¢ ' 20
0.51
Cellulose
PPN- 6 DETA 22 | 400 8.5 1.04 0.12 21
RFAS APS 25 | 400 8.07 1.69° 0.21 22
SBA-15 APTMS | 25 | 400 - 0.14 | 0.14f - 23
SBA-15 APTMS | 25 | 400 - 0.09 | 0.13f - 23
pellet
Alkyl
SBA- 15 halide+ 30 | 400 1.62 | 0.07 - 0.043 24
Ammonia
Pore-
expanded TMPTA | 30 | 400 79 | 064 | 055" - 25
MCM-41
Pore-
expanded TMPTA | 25 | 400 7.9 0.98 - 0.12 26
MCM-41
Ethylenedi 97
Mg_z(dobpdc) amine 25 | 390 - 2.83 - -
Mgz(dobdc) | Hydrazine | 25 | 400 6.01 | 3.89 - - 28
Mg-MOF-74 | EtYIEnedi| o5 | 459 151 | - : 2
amine
Mgz(dobpdc) |  mmen 25 | 390 - 2.0 - - 30
Cr-MIL-101- a1
SOaH TAEA 20 | 400 1.12 - -
Z-l-
SBA- 15 Lysine+ | 25 | 400 5.18 | 0.60 - 0.12 32
APTMS
Hybrid silica APS 30 | 400 45 - 1.68' 0.37 38
SBA- 15 Aziridine | 25 | 400 9.9 - 1.72 0.17 34
AHTSA APS 30 | 400 847 | 164 - 0.19 35
Ma‘gﬁ?ggous L-alanine | 50 | 400 | 10.98 | 2.65 | - 0.24 3

3 50+3% humidity; ® 53% humidity; ¢ 40% humidity; 9 91% relative humidity; ¢ 4% relative
humidity; T 80% relative humidity; 9 49% relative humidity; " 73% relative humidity; ' 60%
relative humidity; 'fully humified condition; APS: (3-aminopropyl) triethoxysilane; TMPTA:
N?-(3-trimethoxysilylpropyl)diethylenetriamine; AAMS: N-(2-aminoethyl)-3-
aminopropylmethyldiethoxysilane; APTMS: (3-aminopropyl) trimethoxysilane; MAPS: N-
methylaminopropyl trimethoxysilane; AEATPMS: N-(3-(trimethoxysilyl) propyl) ethane-1,2-
diamine, AEAPDMS: N-2-aminoethyl-3-aminopropylmethyldimethoxysilane; APDES: 3-
Aminopropyl-methyl-diethoxysilane; DETA:  diethylenetriamine; mmen, N,N'-
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dimethylethylenediamine;

TAEA: tris(2-aminoethyl)amine. TRI,

trimethoxysilylpropylamino)ethylamino]ethylamine,
titania/silsesquioxane composite aerogel.

AHTSA, amine

2-[2-(3-
hybrid

Table S4 Comparative chart of amine-based sorbent regeneration and cyclic CO> adsorption-
desorption stability for DAC applications.

Support Amine Sorbent regeneration | Stability performance Ref.
type condition
Nano PAMAM | 80 °C for 0.5 h under No capacity loss over 10 | This
vacuum cyclic runs work
Silica

Hierarchical | APS
Silica

110 °C for 0.5 h under N2
flow at 20 mL/min

13% capacity loss in 5 cyclic
runs

37

Hierarchical | TMPTA
Silica

110 °C for 0.5 h under N2
flow at 20 mL/min

15% capacity loss in 5 cyclic
runs

37

flow at 100 mL/min

cyclic runs

Pore- TMPTA | 100 °C for 15 min by | ~24% capacity loss in 4 |?°

expanded synthetic air at 10 mL/min | cyclic runs!

MCM-41

Silica PEI 110 °C for 3 h under Ar | 30.1% capacity loss in 4 |
flow at 100 mL/min cyclic runs

Silica A-PEI 110 °C for 3 h under Ar | 9.3% capacity loss in 4 |38
flow at 100 mL/min cyclic runs

Silica T-PEI 110 °C for 3 h under Ar | 1.36% capacity loss in 4 | 38

Fumed Silica | PEI

85 °C for 3 h under
vacuum

3.5% capacity loss in 4
cyclic runs

39

Hierarchical | PEI

110 °C for 6 h under He

16% capacity loss in 5 cyclic

40

flow at 100 mL/min

operations (3 cyclic runs)

Silica flow at 100 mL/min runs  humid  condition,
whereas no appreciable
change in CO: adsorption
capacity in dry condition

SBA-15 PEI 110 °C for 9 h under Ar | Stable over short multicycle | +
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CA-SIO; PEI 110 °C for 2 h under He | 9.6%  pseudo-equilibrium | 8
flow capacity and 16%
breakthrough capacity loss
in 20 cyclic runs

Mgz(dobpdc) | en 150 °C for 2 h under | 6% capacity loss in 5 cyclic | %/
simulated air (0.39 mbar | runs
COz) purge at 60 mL/min

MIL-101-Cr | PEI 110 °C for 3 h under He | CO; uptake dropped 2.7 % | %?
flow at 90 mL/min and 1.9% after the first and
second cycles, respectively
(total 3 cyclic runs)

!Data retrieved from Data from graph software (Version 1.0) APS/APTES: 3-
(aminopropytriethoxysilane ;TMPTA: 2-[2-(3-trimethoxysilylpropylamino)
ethylamino]ethylamine; TEPA: tetraethylenepentamine; PEI: polyethyleneimine; A-PEI: 3-
(aminopropytriethoxysilane-PEl, T-PEI: tetrapropyl orthotitanate-PEl, en:
ethylenediamine)
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