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Supplementary Methods

Estimation of regeneration efficiency R for the vapor promoted desorption

To predict the performance of vapor promoted desorption at 1 bar, we initially focused on
the impact of co-adsorbed water on the desorption temperature required to achieve a specific
regeneration efficiency R (Supplementary Fig. 13). This investigation involved calculating the
equilibrium loadings of adsorbed water and CO: in the column using water adsorption isotherms
and CO:2 loading profiles obtained during DAC cycles (Supplementary Figs. 2 and 12). To
achieve an equilibrium state, a minimum adsorption duration of 4 hours was performed to
capture atmospheric CO2 and water. Subsequently, we observed a linear correlation, as shown
in Supplementary Fig. 13, between the required desorption temperature and the molar ratio of
the equilibrium loading of adsorbed water to CO2 (nwater/Nco2) for vapor promoted desorption
with a specific R.

This linear correlation in Supplementary Fig. 13 enables us to calculate the required
Nwater/Ncoz for reaching different R values at certain desorption temperatures and 1 bar. Then,
the corresponding volume fraction of resin (Viresin) under different atmospheric humidities can
be evaluated by Supplementary Equation 1.

QWater,silicapsilica

€y

Vf.resin =
(QCOZ,resinpresinnwater/nCOZ - qwater,resinpresin + qwater,silicapsilica)

where qyarersitica @NA Guater resin (MMol g1) represent the equilibrium water loadings for silica
gel and Lewatit resin at different relative humidities. pg;icq @and presin (9 L) are the packing
densities of silica gel and Lewatit resin, respectively. To calculate the volume fraction of resin,
the adsorption temperature is set at 28 °C. The equilibrium CO2 adsorption capacity of Lewatit
resin (qco, resin) 1S calculated using the isotherm model parameters (Supplementary Table 1)
and the enhancement factor under different humidities (Supplementary Fig. 4). Then, the
correlation between regeneration efficiency and given conditions (volume fraction of resin,
desorption temperature, and relative humidity of feed air) is obtained and depicted in Fig. 4e.

We have also observed that the desorption temperatures were higher than the boiling point

of water by no more than 20 °C, depending on the Nwawer/Ncoz, as shown in Supplementary Fig.
13. This relationship highlights the potential of operating VPD at lower temperatures by
reducing the desorption pressure and also the water boiling point, allowing us to predict the
corresponding R under vacuum conditions. To evaluate the regeneration performance at a
moderate desorption pressure of 0.5 bar, three assumptions were considered:

1. The desorption kinetics were assumed to be unchanged compared with vapor
promoted desorption at 1 bar.

2. A high regeneration efficiency (around 0.93) is still achievable under vacuum
conditions with in situ vapor purge.

3. Based on the aforementioned two assumptions, it is assumed that the linear correlation
observed in Supplementary Fig. 13 between AT and nwawer/Ncoz at 1 bar remains valid
under a moderate desorption pressure of 0.5 bar.

Thus, for achieving different R at 0.5 bar, the required desorption temperature under specific

Nwater/Ncoz can be calculated based on Supplementary Equation 2 and Supplementary Fig. 13,



with Tpp, 0.5 bar representing the boiling point of water at 0.5 bar. The performance of vapor
promoted desorption at 0.5 bar can be evaluated using a similar approach as the one employed
for predicting regeneration efficiency at 1 bar.

Tae 05 bar = AT + Tpp0.5par (2)



Photothermal conversion efficiency and energy consumption of the solar-powered DAC
prototype

To calculate the photothermal conversion efficiency of the solar-powered DAC prototype,
temperature increases of an empty solar-heating column were measured under sunlight
irradiation. The thermal energy ( Qhermai) COnverted from solar energy as well as the

photothermal conversion efficiency (a) were calculated using Supplementary Equations 3-4,
t

chermal = (XAf [solardt = mtubeCtubeATtube (3)
0
a= Mtype ftubeATtube (4)
A fo Isolardt

where A is the projected area (0.05 m?) of the black coating for receiving natural sunlight, I,;4
is the solar flux, t is the solar irradiation time, m,,;. refers to the mass of the solar-heating
column (1.07 kg), Cpyupe is the heat capacity (500 J kgt K1) of the tube, AT,;. represents the
temperature increase of the adsorption column during solar heating.

A parabolic concentrator was used to enhance the heating power of the photothermal DAC
prototype. Fig. 5b shows the temperature increases of the adsorption column under natural and
concentrated sunlight. The optical concentration ratio (o) of the parabolic concentrator was
determined by conducting solar heating experiments under concentrated sunlight and
calculated using Supplementary Equation 5.

o= MeubeCrubeATtube
ad fot Lso1ardt

Using the temperature profiles in Fig. 5b, the overall photothermal conversion efficiency (@)

)

of the solar heating column was determined to be 63.1%. The optical concentration ratio was
measured and calculated to be 1.9. Subsequently, the heating powers (W) of the photothermal
system under various solar intensities were calculated using Supplementary Equation 6.
W = acAlsar (6)
For the solar-powered DAC system, the thermal energy for adsorbent regeneration (Q,.)
was calculated based on the following equation,

tdes
fo Lsorardt Miube CruveATrube
Qre = gad -

Mmco, Mco, @)
where tg is the desorption time, and mc,, is the mass of CO2 collected under solar irradiation,
ATy,pe represents the temperature increase of the adsorption column in the desorption stage.
Considering that reported energy consumption analyses typically focus on the energy used for
heating the adsorbent and providing latent heat, this study subtracted the heat required for
heating the adsorption column, to enable a meaningful comparison.

The energy consumption (Q,.) for sorbent regeneration can also be directly calculated
based on the sensible heat (Q,) required to increase the temperatures and the latent heat (Q,)
associated with CO2 and water desorption, as illustrated by Supplementary Equation 8.
_ 05+ 0

Mco,

Qre ®
Q, is computed using the following equation,

d d
Qs = AT(mresinCp,resin + msilicaCsilica + m%;) Cp,COZ + mg-lazoS) Cp,HZO) (9)



where AT signifies the sorbent temperature variation during the desorption process; m,.qgin,
Mgiticar mg‘g‘f) and mﬁ,“ﬁ) represent the masses of amine-grafted resin, silica gel, adsorbed
CO: and water within the column, respectively; Cp  esins Cpsiticar Cp.co, @and Cpu,o denote the
specific heat capacities of amine-grafted resin, silica gel, adsorbed CO: and water within the
column, respectively.

Supplementary Equation 10 is employed to analyze latent heat, where Queco, and
Qaes,n,0 represent the heat required for CO2 and water desorption, respectively; n¢,, and
ny,o represent the moles of collected CO2 and water products during the desorption process,
respectively; hgesco, and hgesn,o are the heat of desorption for CO2 and water, respectively.
The parameters used for evaluating energy consumption are listed in Supplementary Table 2.

Qa = Ques,co, T Qaes o0 = NcoyMaes,co, + MuyoNdesyo (10)



Estimation of the total cost for the vapor-promoted DAC process
The total cost (c;0:q;) Of vapor-promoted DAC is analyzed based on a reported economic
evaluation approach?. The calculation method is described in Supplementary Equation 11. The
capital expenditures (c-4pgx) are divided into plant costs (especially the cost for air contactor,
Cplant) @Nd sorbent costs (csorpene). The €nergy costs (cenergy) Can be regarded as proxy for the
operational expenditures (copgx)-
Ctotat = Ccapex T CopEx = Cpiant T Csorbent T Cenergy (11)
The plant cost can be calculated by Supplementary Equation 12.
rac
Cplant = VrronBry (12)
where 7, signifies the air contactor cost per cubic meter, V; g, is volume fraction of resin
inside the column, P. represent the CO2 productivity based on the volume of resins, a, is the
lifetime of the plants.
As two adsorbents are used in vapor-promoted DAC, the sorbent cost includes the cost for
two different materials.

_ Vf,resinrresin + (1 - Vf,resin)rsilica
Csorbent =

(13)
Vf,resin PT' Qg

where 1.4, and ry., are COz capture resin and silica gel costs per cubic meter, respectively.
a, is the lifetime of the sorbents.

For the evaluation of operational expenditures, the electricity cost for air blowers and
thermal energy cost for sorbent regeneration constitute the total energy cost.

Cenergy = CthQre T CarEbiower (14)
where ¢, and c,; are the heat price and electricity price, respectively. Q,. and Epower are
the energy consumption for regenerating sorbents in the desorption step and blowing air in the
adsorption step, respectively.

The units and values of the parameters used for evaluating capture cost are listed in
Supplementary Table 4.



Supplementary Figures
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Supplementary Fig. 1. Calculated working capacity of VP OC 1065 under different
desorption temperatures and CO; partial pressures. Adsorption conditions are fixed at
25 °C air and 400 ppm CO:. The solid lines are guides to the eye. Source data are provided as
a Source Data file.

Lewatit VP OC 1065 is a commercially available amine-functionalized resin and can be
regarded as a benchmark for DAC studies?. CO2 working capacities of the resin under different
desorption temperatures and pressures were calculated using a reported dual site Langmuir
isotherm model, as illustrated in Supplementary Table 134,
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Supplementary Fig. 2. Water adsorption isotherms of silica gel at 25 °C, 35 °C, and 45 °C.
The solid lines are guides to the eye. Source data are provided as a Source Data file.
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Supplementary Fig. 3. Scheme of the setup for breakthrough experiments.
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Supplementary Fig. 4. Enhancement factor (E) under different relative humidities (¢) for

the amine-grafted resin at 28 °C and 410 ppm CO.. The enhancement factor is defined as

the ratio between CO:2 adsorption capacities under humid and dry conditions. The results are

fitted by a polynomial equation. Source data are provided as a Source Data file.
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Supplementary Fig. 5. Fourier transform infrared spectroscopy (FTIR) spectra of VP OC
1065 pretreated using 25 °C air with 30% relative humidity (RH). Source data are provided
as a Source Data file.

FTIR spectroscopy was used to analyze the surface species of VP OC 1065 treated with air at
25 °C and 30% relative humidity. The symmetric stretching vibration of -COO- originating from
the carbamate structure was detected at 1380 and 1421 cm™1%6, The IR band at 1510 cm
corresponded to the N-H bending vibration and C-N stretching vibration (amide Il) of carbamate
species®’. In addition, the asymmetric stretching vibration of -COO- and antisymmetric
deformation of NHs* at around 1560-1590 cm~! were detected®’.

Generally, carbamic acid, bicarbonate, and ammonium carbamate are regarded as potential
species formed on solid amine sorbents during CO2 adsorption8-1°, with IR bands in the range
of 1700-1300 cm. Young et.al proved that the amine efficiency of Lewatit resin was not
increased in the presence of moisture when CO2 adsorption was performed at 1 bar 2. This
indicated that the bicarbonate mechanism is unlikely to occur in Lewatit resin, as the
stoichiometric ratio of CO2/amine would increase from 0.5 to 1 if the bicarbonate was formed.
Previous works have also reported that the surface species shifted from carbamic acid to
ammonium carbamate for amine-grafted materials in the presence of water'%!2, Thus, we
speculate that the resin primarily adsorbs atmospheric CO2 at 25 °C and 30% RH via a

carbamate pathway.
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Supplementary Fig. 6. Cyclic CO; adsorption capacity of VP OC 1065 regenerated under
70 °C (a) and 110 °C (b) air flows. CO2 adsorption was performed using 30 °C dry air with 400
ppm CO2. The CO:2 uptake of the first adsorption cycle was denoted as qo. Source data are
provided as a Source Data file.
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Supplementary Fig. 7. Cyclic CO; adsorption capacity of VP OC 1065 regenerated under
120 °C (a) and 150 °C (b) CO; flows. CO2 adsorption was performed using CO:z at 30 °C and
1 bar. The CO:2 uptake of the first adsorption cycle was denoted as go. Source data are provided
as a Source Data file.
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Supplementary Fig. 8. COz-induced deactivation mechanism analysis. (a) In situ FTIR
spectra for VP OC 1065 after 0, 1, 2, 3, and 4 hours (bottom to top) treatment under CO2 stream
at 150 °C. (b-c) Proposed mechanism for (c) open-chain ureas formation and (c) cyclic ureas
formation. Source data are provided as a Source Data file.

Using a CO: stream to treat the sample at 150 °C, the absorptance of two bands at 1560 and
1654 cm™! associated with open-chain ureas gradually increased. Moreover, a new absorption
band at 1702 cm™! was also observed due to the formation of cyclic ureas®4. Supplementary
Figs. 8b and 8c illustrate the formation mechanisms of open-chain urea and cyclic urea.
Specifically, two primary amine groups first react with CO2 to form the corresponding
ammonium carbamate in the CO2 adsorption process. Subsequently, the ureas are formed
through the dehydration of ammonium carbamate at 150 °C3.4,



Supplementary Fig. 9. Adsorption columns for electrical heating (Top) and solar heating
(Bottom).
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Supplementary Fig. 10. Scheme of the setup for testing cyclic performance of vapor

promoted DAC.
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Supplementary Fig. 11. Normalized product volumes (ratios of collected product volume
to final product volume) of cyclic DAC performed at various RH without in situ vapor
purge. Adsorbent: 180 mL VP OC resin. Fresh air at 27 °C with RH ranging from 35 to 60%
was used as the feed stream. Source data are provided as a Source Data file.

Without in situ vapor purge, the product volume and corresponding regeneration temperature
were influenced by the relative humidity of the air, with higher atmospheric humidity enhancing
carbon dioxide desorption.
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Supplementary Fig. 12. CO; loading (a) and desorption temperature (b) profiles in six
adsorption-desorption cycles using 320 mL VP OC resin and 80 mL silica gel. Fresh air
at around 27 °C with RH ranging from 45 % to 70 % was used as the feed stream which had a
gas hourly space velocity (GHSV) of 5600 /h. The shaded areas indicate the variation of
temperature results obtained under different relative humidities (45-70%). The solid line
represents the experiment conducted under a relative humidity of 60%. Source data are
provided as a Source Data file.

As shown in Supplementary Fig. 12b, the desorption temperature profile of VPD exhibited two
distinct stages, corresponding to the preheating and desorption steps. Specifically, the
temperature initially increased from room temperature to 90 °C, after which it stabilized or
gradually increased to around 110 °C. This behavior can be attributed to the consumption of
thermal energy by the desorption of CO2 and H20 in the desorption step. Wurzbacher et.al also
reported a similar temperature evolution in the sorbent bed center during TVSA processes

using solid amine materials!®.
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Supplementary Fig. 13. To achieve regeneration efficiency R ranging from 0.70 to 0.93,
the corresponding desorption temperature as a function of the molar ratio of equilibrium
loading of adsorbed water to CO2 (nwater/Nco2 at the end of adsorption step). The dashed
lines represent the linear fitting results. The right y-axis shows the required temperature
difference (AT) between the desorption temperature (Tqe) and the boiling point of water (Tpp) at
1 bar, with AT calculated as Tqe minus Typ. Source data are provided as a Source Data file.
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Supplementary Fig. 14. Solar-powered DAC prototype for high purity CO, and water
production from the air.
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Supplementary Fig. 15. Performance of solar-powered VPD prototype for DAC with
different volume fractions of resin. Solar-powered DAC with different adsorbent volumes
was tested under varying weather conditions, GHSV, and humidities in Tianjin China
(39°06'32.9"N 117°10'11.1"E) during May 2022. Case 2: 200 mL resin and 200 mL silica gel,
at 40% RH and a gas hourly space velocity GHSV of 6000 /h. Case 3: 420 mL resin and 80 mL
silica gel, at 57% RH and a GHSV of 3000 /h. Case 1, using 320 mL resin and 80 mL silica gel,
performed at 56% RH and a GHSV of 3750 /h, is described in Fig. 6. (a) CO:2 loading and
adsorbent temperature profiles during the adsorption-desorption cycles for Cases 2 and 3. (b)
CO:2 loading, adsorbent temperature, and solar flux profiles during the solar-powered
regeneration stage for Cases 2 and 3. Source data are provided as a Source Data file.
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Supplementary Fig. 16. Total cost of vapor-promoted DAC process under various
contactor costs. (a) The influence of adsorbent lifetime on the total cost when the heat cost is
0.03 $ kWh-. (b) The effect of heat costs on the total cost, with sorbent lifetime fixed at 10
years. (c) Percentage of different expenditures for a heat cost of $0.03 kWh-! and an adsorbent

life of 10 years. The solid lines are guides to the eye. Source data are provided as a Source
Data file.



Supplementary Table 1. Dual-site Langmuir model parameters of CO, adsorption on

Lewatit resin.

Parameter Value

q, (mmol g?) 1.94

q, (mmol g%) 1.06

Ko, (Pal) 1.11x10°1®
Ky, (Pal) 1.84x1013
—AH 45, (kJ mol?) 75.6

—AH 45 (kJ moll) 51.6




Supplementary Table 2. Parameters used for evaluating energy consumption in vapor-

promoted desorption process.

Parameter Value
Cpresin (3 kg™ K) 158016
Cp sitica (J kg1 K?) 92117
Cpco, (Jkg'K?) 200018
Compo (3 kgHK) 4184
Raes,co, (kI mol?) 75.6

hdes,HZO (kJ mol'l) 4419




Supplementary Table 3. Performance of reported experimental DAC works performed

using different adsorption processes. The working capacities (W), desorption

temperatures (Tde), desorption pressures (Pde), energy consumptions, CO, product

purities, and total costs of the reported processes are listed and compared with the VPD

process.
Qrea
We Tde Pde . Cost
Sorbent Process (MJ kglcoz) Purity
(mmolg?) (°C) (bar) —— ($ t'coz)
ch b Qe ¢
VP OC 1065 VPD 1.0 105 1 10.4 0 98%  111-313
Sorbent-coated
) ETSAd 0.54 110 0.3 0 7.2 82% 160
carbon fibers?®
VP OC 106521 TVSA 0.38 116 0.5 124 0.54 -€ -
VP OC 106521 STVSA 0.77 116 0.5 14.5 0.54 - -
PEl-silica?? TSA 1.14 130 1 6.6 0 <7% 152
APDES-NFC23 TVSA 0.5 95 0.05 145 0.28 94% -
Anion exchange )
pH-swing 1.17 25 1 0 12.2 95% -

resinZ4

aEnergy consumption for sorbent regeneration.

b Thermal energy consumption for sorbent regeneration.

¢ Electricity consumption for sorbent regeneration.

d Electrically driven temperature swing adsorption.

¢ Not reported.



Supplementary Table 4. Parameters used for evaluating the total cost of the vapor-
promoted DAC process.

Parameter Value

Tac (3 M) 3000-300001
Ve resin 0.8

P (kg h™> m-3resin) 3.8

a, (year) 20!

Tresin (3 M) 20000
Tsitica ($ M) 1500

as (year) 4-12

¢ ($ kWh1) 0.01-0.05%
Qe (MJKglco2) 10.4

Cor ($ kKWhY) 0.11
Epower (MJ Kgtcoz) 0.51:2
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