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Distributed direct air capture of carbon
dioxide by synergistic water harvesting

Yongqiang Wang 1,2, Longbing Qu1, Hui Ding 2 , Paul Webley 3 &
Gang Kevin Li 1

Adsorption-based direct air capture (DAC) of carbon dioxide, using chemi-
sorbents like solid amines, has been widely recognized as a sustainable mea-
sure to contain atmospheric CO2 concentrations. However, the productivity
and economic viability of DAC have been compromised by the high energy
consumption for regenerating the adsorbents. Here, we show that by syner-
gistically harvesting water and carbon dioxide from the atmosphere, we can
regenerate the unit using in situ vapor purge at low energy and capital cost.
The desorption of CO2 is substantially enhanced in the presence of con-
centratedwater vapors at around 100 °C, concurrently producing 97.7% purity
CO2 and fresh water without the use of vacuum pumps and steam boilers.
Moreover, we demonstrate that the DAC prototype can also be powered by
sunlight, which recovers 98% of the adsorbed CO2, with 20% less energy
demand, enabling sustainable carbon capture from air in a real distributed
manner.

To achieve the climate goal of limiting global warming to below 1.5 °C,
relying solely on traditional carbon capture technology to reduce
emissions and mitigate the rate of CO2 concentration increase may
prove insufficient1–4. The urgent need to reverse the rising trend of CO2

concentrations has created a strong demand for large-scale imple-
mentation of negative emissions technologies5–7. Direct air capture
of CO2 from the atmosphere has gained significant attention for
achieving negative emissions8–10. DAC is advantageous for its
potential to operate anywhere on earth, allowing for distributed car-
bon capture and CO2 production. When combined with naturally dis-
tributed energy sources like solar and wind, DAC can sustainably
provide the essential chemical feedstocks required for green fuel
production.

Among the various DAC technologies, the adsorption-desorption
process using solid adsorbents is particularly promising due to its
relatively low regeneration temperature11–13. The selection of adsor-
bents and processes for DAC is constrained by the moisture and low
concentration of CO2 in the air (around 400 ppm)11. For physisorbents
like 13X zeolite, the air needs to be dried in advance to avoid the
competitive adsorption of atmospheric water and CO2

14. The

application of physisorbents is constrained in cold conditions to
reduce the energy consumption required for water removal15,16.
Therefore, chemisorbents, particularly solid amine sorbents with large
heat of adsorption (60–100 kJmol-1) and high CO2 selectivity, are
commonly employed in DAC due to the promoted CO2 adsorption
under humid conditions17,18. However, regenerating chemisorbents is
energy-intensive due to the strong affinity of amine groups with CO2.
Considering the required scale of DAC deployment, the development
of a regeneration technology with enhanced efficiency and reduced
carbon footprint is essential for ensuring the sustainability of direct air
capture17,19,20.

Typically, the regeneration of chemisorbents in DAC requires
elevating the temperature to above 100 °C using a heater, and redu-
cing the partial pressure of CO2 using a vacuum pump, both serving as
the driving force for adsorbent regeneration21,22. To address this,
temperature vacuum swing adsorption (TVSA) processes are com-
monly used to achieve CO2 capture from air6,17,23,24. Nevertheless, the
typical desorption pressure range of 5 to 30kPa in the TVSA process
can only release 30–50% of the adsorbed CO2, resulting in low carbon
dioxide productivity and hence a high capital cost22,25,26. To promote
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CO2 desorption and improve the working capacity, several strategies
have been employed, including raising the desorption temperature,
reducing the desorption pressure, and/or implementing steam
stripping26,27. However, these approaches result in elevated energy
consumption as well as increased operating and capital costs, such as
the expenses associated with the vacuum pump. In particular, enhan-
cing regeneration through high-temperature steam stripping requires
a designated steam boiler that not only increases the capital cost of
DAC but also limits the potential deployment of DAC under various
scenarios due to constraints of fresh water supply.

The objective of this study is to develop an alternative method to
desorb CO2 in DAC, aiming to achieve a larger working capacity while
minimizing energy consumption. In this work, we propose an in situ
vapor promoted desorption (VPD) strategy to efficiently regenerate
adsorbents andproduce highpurity CO2 and freshwater fromambient
air without requiring vacuum pumps or steam boilers. This approach
substantially reduces CO2 partial pressure during regeneration and
recoversover 90%of the adsorbedCO2 at 100 °Cby in situ vapor purge
using water harvested from the atmosphere. We demonstrate this
in situ VPD process by constructing a solar-powered DAC prototype
that uses sunlight as the sole energy source for adsorbent regenera-
tion. This vapor promoted DAC process achieves much higher CO2

working capacities in comparison with prevalent TVSA techniques,
reducing energy consumption and realizing a low total cost of
$111–$313 t−1CO2. In addition, the simultaneous production of water and
carbon dioxide allows this DAC to be coupled with the CO2 utilization
processes, further improving the economic feasibility of direct air
capture.

Results
Working principle of vapor promoted desorption
To evaluate the efficiency of a given desorption technology for DAC,
we introduce a parameter termed Regeneration Efficiency (R), which
quantifies the percentage of CO2 that can be recovered from the
adsorbents. R is defined by the equation:

R=
Wc

qad
ð1Þ

whereWc (mmol g−1) is the CO2 working capacity achieved using the
given desorption technology, qad (mmol g−1) represents CO2 load-
ings on the adsorbent materials after adsorption. A higher regen-
eration efficiency enhances CO2 productivity and reduces
equipment volume, leading to decreased operating and capital
costs for DAC. We evaluated the regeneration efficiency of the
conventional TVSA process using CO2 adsorption isotherm data
(Supplementary Table 1) of a benchmark solid amine sorbent. As
shown in Fig. 1a, the TVSA process requires elevated temperatures
and reduced pressures for CO2 desorption. Considering the thermal
stability of the material and the desorption pressure achievable by
regular vacuum pumps, reaching an R value > 0.6 is highly
challenging.

To address the harsh conditions (Supplementary Fig. 1), we
introduce in situ vapor promoted desorption to achieve efficient
adsorbent regeneration with an R value exceeding 0.9. This VPD pro-
cess promotes CO2 adsorbent regeneration via in situ vapor purge
using water harvested from the atmosphere. As shown in Fig. 1b,

2 3 41

Fig. 1 | Working principle of vapor promoted desorption for DAC. a Calculated
R values of conventional TVSA processes at various desorption temperatures and
pressures, with fixed adsorption conditions of 25 °C and 400ppm CO2. bWorking
capacities of vapor promoted desorption (Wc,VPD) and TVSA (Wc,TVSA) processes
calculated from the CO2 adsorption isobar of a benchmark solid amine sorbent. P
and T represent CO2 partial pressure and desorption temperature, respectively.
Assuming that adsorption is carried out at 25 °C with a CO2 partial pressure of
0.04 kPa, while regeneration is conducted at 100 °C. Vapor promoted desorption,
conducted without the use of vacuum conditions, results in a significant reduction
in CO2 partial pressure (around 2 kPa) due to the in situ purging effect of the

generated water vapors. c Four-step DAC process including an adsorption step at
ambient conditions, a preheating step for increasing temperatures, a desorption
step for product collection, and a cooling step. d Schematic diagram of a solar-
thermal desorption process based on in situ vapor purge. It is understood that the
packing of the adsorbents in the column can be optimized for example into hon-
eycomb structures to reduce the pressure drops; however, we emphasize the
purpose of this study is to develop efficient regeneration methods and the con-
figuration of adsorbents is not our focus. Source data are provided as a Source
Data file.
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compared with conventional TVSA with a desorption pressure of
10 kPa, our VPD process can significantly reduce CO2 partial pressure
by vapor purge, providing a tremendous driving force for CO2 deso-
rption, leading to an increased working capacity and regeneration
efficiency.

The entire process is composed of four stages (Fig. 1c) namely,
adsorption, preheating, desorption, and cooling. In the adsorption
stage, two adsorbents sequentially packed in the column adsorb CO2

and H2O from the air. Subsequently, the temperature of the adsor-
bent bed is elevated through solar or electrical heating. The CO2 and
vapors with increased partial pressures displace air inside the col-
umn, thereby preventing oxidative degradation of the adsorbent at
high temperatures. During the desorption stage, the increased vapor
partial pressure reduces the carbon dioxide partial pressure and
promotes the regeneration of solid amine sorbents. This desorption
approach only requires thermal energy, which can be obtained from
diverse sources like waste heat or sunlight, to raise the adsorbent
temperatures and perform regeneration (Fig. 1d), eliminating the
need for an external purge supply or vacuumpumps. Thewater in the
product stream is easily condensed and separated, leaving high-
purity CO2. After collecting the products, fresh air is introduced to
lower the adsorbent temperature and initiate the next
adsorption cycle.

Adsorption properties
Type A silica gel and a primary amine-grafted resin were used as the
water and CO2 adsorbents for testing vapor promoted DAC, respec-
tively. The resin exhibited an impressive CO2 uptake capability of
1.11mmol g−1 at 20 °C and 400 ppm (Fig. 2a and Supplementary
Table 1). In Fig. 2b, the hydrophobic styrene-divinylbenzene structure
of the resin resulted in limited water uptakes at low relative humidities
(RH). By contrast, silica gel was able to adsorbmore than 10wt% water
even under 30% RH conditions (Supplementary Fig. 2). The addition of
silica gel could significantly increase the amount of co-adsorbedwater,
thus providing a solid foundation for vapor promoted desorption.

Moisture has been proven to significantly affect the CO2 adsorp-
tion properties of solid amine sorbents11,28. The impact of moisture on
CO2 adsorption behaviors of the amine-grafted resin was studied by
conducting breakthrough experiments at varying humidities (Sup-
plementary Fig. 3). Compared with adsorption with dry air, the CO2

uptakes at 35%, 60%, and 85% RH was observed to increase by 6.9%,
29.2%, and 62.5%, respectively (Fig. 2c and Supplementary Fig. 4).
However, higher CO2 uptakes and slower adsorption kinetics under
high humidity conditions led to longer adsorption time for achieving
adsorption equilibrium. The reduced adsorption rate at 85% RHmight
be attributed to mass transfer restrictions caused by the high water
loadings.

Fig. 2 | Adsorption properties of the primary amine-grafted resin. a CO2

adsorption isobar of the amine-grafted resin. b, Water adsorption isotherm of the
amine-grafted resin at 25 °C, 35 °C and 45 °C. c CO2 breakthrough curves of the
amine-grafted resin at 28 °C and 410 ppm, with a gas hourly space velocity (GHSV,
based on the volume of resin) of 12000h−1. The inset shows atmospheric CO2

adsorption capacities under dry and different humidity conditions. Error bars

represent the standard deviation of at least three independent measurements. d In
situ Fourier transform infrared spectroscopy (FTIR) spectra of the amine-grafted
resin after 0, 5, 10, 15, 20, 25, and 30min treatment in flowing N2 atmosphere at
100 °C. The sample was pretreated with 25 °C and 30% RH air for 12 h. Source data
are provided as a Source Data file.
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The mechanism of atmospheric CO2 adsorption on the primary
amine-grafted resin was investigated by recording the in situ FTIR
spectra during N2 purge (Fig. 2d). Before the analysis, the sample was
pretreated with 25 °C and 30% RH air for 12 h, and carbamate species
were found by FTIR spectra in Supplementary Fig. 5. Upon treating
with 100 °C N2 stream, the desorption of CO2 was reflected in
decreases of the absorptance at 1380, 1510 and 1584 cm−1, corre-
sponding to the symmetric stretching vibration of -COO−, C-N
stretching vibration (amide II) and antisymmetric deformation of
NH3

+ in ammonium carbamate structures, respectively29–31. The results
suggested that the formation of ammonium carbamate was the
dominant mechanism for atmospheric CO2 adsorption at 30% RH
using the primary amine-grafted resin.

Thermal stability can be amajor concern for solid amine sorbents
during regeneration32. Thermogravimetric analysis was conducted at
different temperatures and atmospheres to assess the thermal stability
of amines. The resin kept losing CO2 sorption capacity after each
desorption step at 110 °C in air, totalingmore than 20% loss in 6 cycles
(Supplementary Fig. 6). In contrast, at a desorption temperature of

70 °C, there wasn’t any obvious loss of CO2 sorption capacity, sug-
gesting lower regeneration temperatures are critical to maintaining
the performance of the resin for DAC.When pure CO2 was used for the
thermalgravimetric analysis instead of air, the resin kept stable at
120 °C after repeated cycles and degradation wasn’t seen until the
regeneration temperature reached 150 °C (Supplementary Fig. 7).
From the in situ FTIR analysis in CO2 atmosphere at 150 °C, we found
that the deactivation was primarily caused by the formation of cyclic
and open-chain ureas (Supplementary Fig. 8)33.

Cyclic performance of in situ vapor promoted DAC
To study the cyclic stability andperformanceof solid amines under the
condition of in situ vapor purge, silica gel was packed in the same
column for adsorbing moisture from air and providing the in situ
vapor, along with the CO2 capture resin. The setup of the VPD process
is shown in Fig. 3a andSupplementary Figs. 9, 10,where regeneration is
achieved through electrical heating. At a feed gas hourly space velocity
of 10,000h−1, each adsorption (~3 h) and desorption (~40min) cycle
can produce carbon dioxide at a productivity of 3.7–3.9 kg h−1 m−3
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Fig. 3 | Performance of cyclic vapor promoted DAC in comparison to deso-
rption without in situ vapor purge. a Experimental setup for vapor promoted
DAC during the regeneration powered by electrical heating. Cyclic CO2 loading
profiles for desorption with (b) and without (c) in situ vapor purge during nine
adsorption-desorption cycles. Adsorbents: 180mL CO2 capture resin and 180mL
silica gel. Fresh air at 27 °C with RH ranging from 35 to 60% was used as the feed
stream with a GHSV of 10,000h−1. Desorption without in situ vapor purge was
performed by replacing silica gel with glass beads. d Real-time CO2 purity and
product volumes of different cycles during VPD. e Cyclic working capacities

calculated from the CO2 loading profiles. f Normalized product volumes (ratios of
collected product volume to final product volume) during desorption with in situ
vapor purge under different desorption temperatures. The shaded areas illustrate
the variations in results obtained under different relative humidities ranging from
35% to 60%. The solid line represents the experiment conducted under a relative
humidity of 50%. g Normalized product volume during desorption without in situ
vapor purge, when the adsorption was performed at 35% RH. Source data are
provided as a Source Data file.
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(Fig. 3b, c). The released CO2 could reach a maximum purity of over
99% during VPD after 19min preheating, as shown in Fig. 3d and
Supplementary Movie 1. The collected products were further analyzed
by gas chromatography, showing a CO2 concentration of 97.7% and an
O2 concentration of 0.5%. The low concentrations of O2 within the
column could reduce the risk of amine oxidation during regeneration.
Remarkably, our VPD process maintained a stable CO2 working capa-
city of 0.9–1.0mmol g−1 (Fig. 3e) over nine cycles, as nearly all the CO2

products couldbe collected at temperatures below 105 °C (Fig. 3f). The
high CO2 productivity and working capacity achieved by in situ vapor
purge can significantly reduce the capital cost associated with the
expensive CO2 adsorbents used in DAC.

By contrast, theDACwithout using in situ vapor purge, lost 40%of
its working capacity at cycle 8, starting from 0.97mmol g−1 at cycle 1
(Fig. 3c and e). This low stability can be attributed to the significantly
higher temperatures required, ranging from 130 to 150 °C, to achieve a
similar product volume compared with VPD (Fig. 3g and Supplemen-
tary Fig. 11). These observations highlight the importance of in situ
vapor purge in reducing the required regeneration temperatures for
CO2 desorption.

In the above setup using a resin volume fraction of 0.5, the
amount of CO2 desorbed was barely influenced by the feed air
humidity, as shown in the shaded area of Fig. 3f. This suggests the
amount of in situ vapor could be far more than sufficient for purge. To
analyze the necessary amount of co-adsorbed water or silica gel for
in situ vapor purge, VPD was investigated under various relative
humidities (Fig. 4), and in themeantime, the resin volume fraction was
increased to 0.8 (320mL CO2 capture resin and 80mL silica gel). Fig-
ure 4a and Supplementary Fig. 12 demonstrated stable CO2 working
capacities ranging from 0.85 to 1.00mmol g−1 which is similar to the
CO2 working capacity in our earlier tests using a resin volume fraction
of 0.5 (Fig. 3b). At elevated temperatures, the desorbed water first
served as the vapors with high partial pressures over 95 kPa for in situ
purge of CO2 within the column (Fig. 4b). Then the vapor was con-
densed in the subsequent air-cooled condenser as fresh liquid water
verified by the 1H NMR results (Fig. 4c and Supplementary Movie 1).
This gas/liquid separation allowed for the recovery of high con-
centration CO2 products ranging from 4.5 to 5.0 g per cycle. Mean-
while, water productivity ranged from 5.0 to 6.5 g per cycle depending
on the atmospheric humidity (Fig. 4a). It should be noted that only a
small fraction of water (~22%) was desorbed, involved as vapors for
performing in situ purge, and collected as a liquid product (Fig. 4d).
Whereas the increased vapor pressure could substantially reduce the
CO2 partial pressure, releasing over 90% of the adsorbed CO2 at tem-
peratures below 110 °C (Fig. 4b and Supplementary Fig. 12).

For this in situ vapor purgewith a resin volume fraction of 0.8, the
required desorption temperatures for achieving different R values
were determined by the amount of adsorbed water as shown in Sup-
plementary Fig. 13 and Supplementary Methods. By increasing the
molar ratio of equilibrium loading of adsorbed water to CO2 (nwater/
nCO2), the desorption temperature could be lowered due to the
increased quality of vapors generated for in situ purge. Based on this
correlation between nwater/nCO2 and desorption temperatures, the
regeneration efficiency R of VPD was estimated at different resin
volume fractions, atmospheric humidities, and desorption tempera-
tures to provide guidance for the operation of vapor promoted DAC
(Fig. 4e). By adjusting the volume fraction of adsorbents, VPD can be
applied in various climate environments, from arid to humid areas.
Even in areaswith low humidities of around 20–25%, typical to average
air humidity in deserts34, our VPD can still achieve a regeneration
efficiency of 0.9, as demonstrated in the shaded area of Fig. 4e. In a
more humid environment, for example, 50% relative humidity air,
desorption temperature as low as 104 °C is highly effective in gen-
erating abundant vapors for in situ purge, releasing over 90% of the
adsorbed CO2. Both of the above examples do not need vacuum

pumps for the regeneration of CO2 adsorbents. When evacuation is
applied, the desorption temperature can be further reduced in our
VPD process. As shown in Fig. 4f, by applying a moderate vacuum of
50 kPa, we only need a regeneration temperature of 87 °C to recover
90% of the CO2 from the column; or recover 80% of the CO2 at 80 °C.

In general, for a given air humidity, we can adjust the resin volume
fraction and the desorption temperature to achieve a highCO2 capture
performance using our VPD process (Fig. 4e and Supplementary
Fig. 13), while considering the specific environmental conditions, such
as weather and the temperature of the heat source available, at the
location where DAC is conducted.

Solar-powered VPD prototype for DAC
As only low-grade heat is required to drive the VPDprocess, in addition
to electrical heating, we also built a solar-powered VPD prototype
which converts solar energy to thermal energy with high efficiencies.
As shown in Fig. 5a and Supplementary Fig. 14, the prototype consists
of a horizontal adsorption column coated in black and double-glazed
with a transparent vacuum isolation and a parabolic solar concentrator
with an optical concentration ratio of 1.9 (Fig. 5b). The photothermal
conversion efficiency of the prototype was calculated to be 63.1% by
monitoring the temperature changes of the column under solar irra-
diation (Fig. 5c). Additionally, a correlation was established between
the solar flux and heating power of the prototype. Under a typical solar
flux of 500Wm−2, the prototype with a projected area of the black
coating being 0.05m2, is capable of generating thermal energy
equivalent to 30W of electrical heating (Fig. 5d). A concept of a solar-
powered DAC farm is illustrated in Fig. 5e, featuring an array of solar
heating columns designed for capturing atmospheric carbon dioxide
and moisture, while producing high purity CO2 and water upon solar
heating. This demonstration’s ability to operate in distributed sce-
narios using only air and sunlight as inputs not only makes the DAC
process more sustainable but also enables its deployment in remote
areas without the need for extensive infrastructure.

To demonstrate the CO2 capture performance of this solar-
powered DAC prototype, three VPD tests were conducted using
varying volumes of adsorbents under different weather conditions
(Fig. 6 and Supplementary Fig. 15). After adsorbing atmospheric CO2

and water, the DAC prototype was directly exposed to sunlight for
VPD, generating 2.89, 5.11, and 7.24 gCO2per cycle using 200, 320, and
420mL resin, respectively. Under moderate solar intensities ranging
from 500 to 700Wm−2, nearly all the adsorbed CO2 was released
(R >0.97) within 50min (Fig. 6b and Supplementary Fig. 15), driven by
in situ vapor purge which was powered by solar heating at
around 110 °C.

In temperature swing adsorption processes, the cooling step
usually takes the longest time. Shortening the cooling time is critical to
improving the overall productivity of the CO2 capture. In this study,we
noticed that the temperature of the double-layered columnusing both
silica gel and resin decreased two times faster than that without silica
gel layer. As shown in Fig. 6c, the former decreased from 113 °C to
68 °C within 120 s, while the latter only dropped to 92 °C. Such
enhanced cooling is caused by the evaporation of water in the double-
layered column, where the partial pressure of water is significantly
reducedby the incoming air. As the column is cooleddown to ambient,
the equilibrium shifts towards the next cycle of water adsorption.

High energy consumption is another concern that compromises
the economic feasibility of DAC. The energy consumption of this solar-
powered VPD was calculated based on the photothermal conversion
efficiency and solar intensities (Supplementary Methods). Figure 6d
demonstrated that vapor promoted DAC required only 10.4MJ kg−1

CO2

of thermal energy converted from sunlight for adsorbent regenera-
tion. The sensible heat and latent heat needed to conduct the vapor
promoted desorption were further analyzed (Fig. 6e and Supplemen-
tary Table 2). We found that the sensible heat for increasing the resin
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temperature and the latent heat for releasing the adsorbed water
dominated the energy consumption and costs. This energy con-
sumption would remain consistent regardless of the thermal energy
sources applied, as they share the same mechanism for vapor pro-
moted desorption. In comparison, the reported energy consumptions
for TVSA and steam-assisted TVSA processes using the same resin as
CO2 adsorbent were in the range of 12–15MJ kg−1

CO2, including

0.5–1MJ kg−1
CO2 of electrical energy for evacuation17,26. In comparison

with other state-of-the-art regeneration processes like electrically dri-
ven temperature-swing desorption and pH-swing desorption24,35, the
VPD process also offers the advantages of zero electricity consump-
tion and high product purity (Supplementary Table 3). This in situ
vapor purge is better suited for direct air capture since it functions
independently of external purge gas, steam, or water supplies.

R
es

in
Si

lic
a

H2O (Liq.)

CO2

Fig. 4 | Cyclic CO2 and water productivities, along with regeneration efficiency
predictions for VPD. aCyclic CO2 andwater productivities under different relative
humidities. Adsorbents: 320mL CO2 capture resin and 80mL silica gel. Fresh air at
27 °Cwith RH ranging from45% to 70%was used as the feed streamwith aGHSVof
5600h−1. b Amounts of desorbed CO2 and partial pressures of water vapor inside
the column during the regeneration stage. c 1H NMR spectra for the high purity
liquid water produced by our VPD process, in benchmark against deionized water.
DMSOwith 12ppmconcentrationwasemployedas the reference.dWater products

collected during vapor promoted desorption, with a pH range of 7–7.5. Predicting
regeneration efficiency R of VPD under desorption pressures of 100kPa (e) and
50kPa (f), at given volume fraction of resin, desorption temperature, and relative
humidity of feed air. Adsorption is assumed to be conducted at 28 °C and 410 ppm
CO2 under given humidity levels. The shaded red areas represent the recom-
mended operating conditions for vapor promoted DAC with an R exceeding 0.9.
Source data are provided as a Source Data file.
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Furthermore, our vapor promoted DAC also eliminates the necessity
for industrial steam boilers and vacuum pumps, leading to savings in
both capital and operating costs.

The total cost of the vapor promoted DAC process, including
capital expenditures (cost for air contactor and sorbents) and opera-
tional expenditures (energy costs)17, is evaluated based on the cyclic
results and energy consumption of VPD (SupplementaryMethods and
Supplementary Table 4). As shown in Supplementary Fig. 16, due to the
high working capacity and CO2 productivity realized by in situ vapor

purge, the expense for the contactor generally remains below
$57 t−1CO2 and accounts for less than 30% of the total cost. The stability
of CO2 adsorbents significantly influences the overall cost of DAC,
especially when the lifetime is less than 5 years. Our VPD technique
with stable cyclic performancemay be a potential option to regenerate
chemisorbents and avoid amine degradation, reducing the cost of
replacing the expensive adsorbents used in DAC. An energy cost of
$29–$144 t−1CO2 is needed to supply the thermal energy required for
vapor promoted desorption when the heat cost ranges from

Water
CO2

Air CO2-lean
air

Fig. 5 | Solar heating performance of the photothermal DAC prototype.
a Prototype of the photothermal DAC system including an adsorption columnwith
black coatings for photothermal conversion, a transparent vacuum isolation for
reducing heat loss, and a parabolic mirror concentrator. b Schematic diagram of
the photothermal DAC prototype. 1. Adsorption column with black coatings; 2.
Transparent vacuum isolation; 3. Parabolic mirror concentrator. c Temperature
change profiles of the adsorption column under 600Wm−2 solar irradiation. The

solid lines are guides to the eye. Concentrated sunlight was generated by the
parabolic mirror concentrator. d Heating powers of the photothermal system
under natural sunlight and concentrated sunlight. The solid lines are guides to the
eye. e Conceptual illustration of solar-powered DAC farm capturing CO2 and water
from the natural wind flow. The adsorption and regeneration steps can be switched
by rotating the solar concentrators to either shade or expose the columns to
sunlight. Source data are provided as a Source Data file.
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$0.01–$0.05 kWh−1. Thus, the use of low-grade waste heat and renew-
able energy in DAC is beneficial for reducing energy costs and mini-
mizing additional CO2 emissions from the capture process. In
summary, the vapor promoted DAC can be operated at a total cost of
$111–$313 t−1CO2, depending on the contactor cost, heat cost, and sor-
bent lifetime (Supplementary Fig. 16). The overall cost couldbe further
reduced by developing adsorbents with better CO2 uptakes and sta-
bility, and operating in situ vapor purge at lower temperatures to
decrease the sensible heat demand.

Discussion
In this study,wedeveloped a vaporpromotedDAC to achieve highCO2

working capacity with a low energy penalty through in situ purge of
vapor synergistically harvested from the air. The process used double-
layered amine-grafted resin and silica gel for adsorbing atmospheric
CO2 and water, respectively. During regeneration, water vapors des-
orbed from silica gel significantly reduced CO2 partial pressures, pro-
moting the desorption of carbon dioxide. The stable CO2 working
capacity, maintained at approximately 1.0mmol g−1 after nine cycles,
was achieved by in situ vapor purge at moderate regeneration tem-
peratures of around 105 °C. In our VPD process, the temperature
required to achieve a regeneration efficiency R was found to be
determined by the molar ratio of equilibrium loading of adsorbed
water to CO2 (nwater/nCO2). This correlation was further used to predict
the VPD performance under varying adsorbent volume fractions and
feed air humidities. The vapor promoted DAC demonstrated opera-

tional flexibility across a broad range of atmospheric humidities in
both arid and humid environments, effectively releasing over 90% of
the adsorbed CO2 from the chemisorbent at 103–120 °C. By applying a
moderate vacuum of 50kPa, the regeneration temperature can be
efficiently reduced to about 85 °C. To minimize the carbon footprint
associated with raising the adsorbent temperature and generating
vapors, solar energy was used to power VPD with a photothermal
conversion efficiency of 63.1%. Even under low solar intensities of
600Wm−2, around 98% of the adsorbed CO2 could be released within
50minutes.

The energy consumption for VPD was calculated to be
10.3MJ kg−1

CO2, significantly lower than reported TVSA and steam-
assistedTVSAprocesses using the sameCO2 adsorbent.More than half
of the thermal energy was employed to increase the resin temperature
and release the water adsorbed on silica gel. Compared with other
electrically driven regeneration processes, the VPD provides a higher
CO2 product purity and only requires low-grade heat to perform the
desorption. The overall cost of vapor promoted DAC ranges from $111
to $313 t−1CO2 and is sensitive to sorbent lifetime and heat costs. More
research should be conducted to further reduce the temperature
required to generate in situ vapors and to develop stable amine
structures resistant to thermal degradation. This work provides an
alternative process for efficiently regenerating chemisorbents, con-
currently achieving high CO2 working capacity and low energy con-
sumption, demonstrating the potential to reduce both operating and
capital costs of DAC.

R
es

in
Si

lic
a

H2O (Liq.)

CO2

Fig. 6 | Performance of solar-powered VPD prototype for DAC. a CO2 loading
and adsorbent temperature profiles during the adsorption-desorption cycles.
Solar-powered VPD with 320mL amine-grafted resin and 80mL silica gel, was
tested at 56% RH and a GHSV of 3750h−1 in Tianjin China (39°06'32.9“N
117°10'11.1“E) during May 2022. The performance of VPD under other weather
conditions and adsorbent volume fractions can be found in Supplementary Fig. 15.
b CO2 loading, adsorbent temperature, and solar flux profiles during the solar-
powered regeneration stage. c Temperature profiles of the resin in the columns
with and without silica gel during the cooling process after solar-powered

regeneration. The solid lines are guides to the eye. d Thermal energy consumption,
electricity consumption, and regeneration efficiency R of VPD process, compared
with reported TVSA and steam-assisted TVSA (STVSA) processes using the same
CO2 adsorbent (Ref. 26). e Breakdown of thermal energy consumption for adsor-
bent regeneration in the VPD process. Lat. represents the heat associated with the
desorption of CO2 and water. Sen. denotes the thermal energy needed to increase
the temperature of sorbent materials and adsorbed molecules. Source data are
provided as a Source Data file.
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Methods
Materials
Lewatit VPOC 1065 (Lanxess) was used as the CO2 adsorbent for direct
air capture in this study. The material, which ranges in diameter from
0.3–1.2mm, is a primary amine functionalized weakly basic anion
exchange resin that has been identified as a promising adsorbent for
DAC. To harvest atmospheric water and realize in situ vapor purge, we
employed type A silica gel (Desicco) with a particle size of 3–5mm as
the water adsorbent. Prior to usage, the silica gel and resin were pre-
treated under vacuum at 110 °C and 80 °C, respectively.

Adsorption isotherms and characterizations
The CO2 adsorption behavior of the amine-grafted resin is character-
ized using the following Dual-site Langmuir model36, with the fitted
parameters provided in Supplementary Table 1.

qCO2
=

q1K1P
1 +K1P

+
q2K2P
1 +K2P

ð2Þ

K1 =K0, 1 exp
�ΔHads, 1

RT

� �
ð3Þ

K2 =K0, 2 exp
�ΔHads, 2

RT

� �
ð4Þ

The theoretical working capacity (Wc) of the amine-grafted resin is
evaluated by the following equation,

Wc =qCO2
Tads ,PCO2,ads

� �
� qCO2

Tdes, PCO2,des

� �
ð5Þ

qCO2
ðTads,PCO2,ads

Þ and qCO2
ðTdes, PCO2,des

Þ represent calculated
CO2 loadings under adsorption and desorption conditions based on
the proposed isothermmodel. PCO2

and T are the CO2 partial pressure
and adsorbent temperature. For calculating the theoretical working
capacity, Tads and PCO2,ads

are fixed at 25 °C and 40Pa, respectively.
The water adsorption isotherms of the amine-grafted resin and

silica gel were measured at temperatures of 25, 40, and 55 °C with a
Belsorp-MAX Analyzer. The samples were degassed for 12 h at 120 °C
before measurement.

Fourier-transform infrared spectroscopy spectra were collected
using a Nicolet iS50 FTIR Spectrometer. The thermal stability of the
CO2 capture resin was characterized using thermogravimetric analysis
(TGA) with a Mettler Toledo TGA/DSC 1 under the designated atmo-
sphere and conditions. In situ, FTIR was used to investigate the chan-
ges in surface species during the regeneration or deactivation of the
amine-grafted resin with a Bruker Tensor 27 spectrometer. Before
analysis, the sample was exposed to air at 25 °C and 30% RH overnight
to adsorb CO2 and H2O. Then, the sample was treated with N2 (99.99%
purity) flow at 100 °C while spectra were recorded every 5min. The
CO2-induced deactivation mechanism was investigated using in situ
FTIR under a CO2 (99.99% purity) atmosphere at 150 °C. The sample
was treated with pure CO2 at 80 °C for 3 h and at 150 °C for 15min
before analysis, with spectra collected every 60min at 150 °C.

Breakthrough experiments
A stainless-steel tube of 8 cm in length and 1 cm in diameter was
employed as the adsorption column to analyze the breakthrough
curves for CO2 adsorption (Supplementary Fig. 3). The adsorption
temperature was controlled by a thermostat oven set to 28 °C. Com-
pressed air with 410 ppm CO2 was introduced to the adsorption col-
umn at a gas-hourly space velocity of 12,000 h−1. A humidifier at 28 °C
wasused to control the relative humidity of the feed air. Theoutlet CO2

concentrations weremonitored by an infrared CO2 sensor (Dynament,
0–1000 ppm), while two humidity sensors (Ningbo Keshun KS-SHT

and Vaisala HMT338) continuously recorded the feed and outlet rela-
tive humidity. Breakthrough experiments were performed under dif-
ferent humidities to investigate the impact of varying humidities on
CO2 adsorption behavior.

Vapor promoted DAC
The schematic of the setup used for testing vapor promoted DAC is
illustrated in Supplementary Fig. 10. Stainless steel columns, measur-
ing 60 cm in length and 4 cm in diameter, were used as adsorption
columns. Silica gel and CO2 capture resin were packed sequentially
within one adsorption column. Fresh air containing 410–450 ppmCO2

firstflowedover the resin, and subsequentlyover silica gel, for CO2 and
H2O adsorption. GHSV was regulated by flow meters and ranged from
3000 to 10,000 h−1. One of the air streams passed through a 27 °C
humidifier to control the humidity of the feed gas. The outlet CO2

concentrations weremonitored by an infrared CO2 sensor (Dynament,
0–1000 ppm), while the feed and outlet relative humidity were con-
tinuously recorded by two humidity sensors (Ningbo Keshun KS-SHT
and Vaisala HMT338).

A thermal couple was placed at the center of the amine-grafted
resin to monitor the temperature profile throughout the adsorption-
desorption cycles. The CO2 uptake (qads

CO2
, mmol g−1) during the

adsorption process was calculated based on the following equation37,

qads
CO2

=
Z tads

0

nair CCO2, in
� CCO2, out

� �
m

dt ð6Þ

where tads is the adsorption time, nair is the flow rate of the inlet air,
CCO2, in

is the atmospheric CO2 concentration, CCO2, out
is the CO2

concentration in the outlet gas andm is the mass of the amine-grafted
resin. The water adsorption capacity is determined by the same
calculation method.

Thermal energy, either supplied by electrical heating tapes or
solar energy, was employed to regenerate the adsorbents and produce
high purity CO2 and water. The adsorption columns used for electrical
and solar heating are illustrated in Supplementary Fig. 9. In this study,
the electrical heating power applied was 90W, while the solar flux
typically ranged from 400 to 800Wm−2 for solar heating.

During the preheating and desorption steps, valve V1 was closed,
and the double-layered column was directly connected to an air-
cooled condenser for product collection (Supplementary Fig. 10). The
preheating step, aimed at elevating the regeneration temperature to
90 °C, was initiated by either turning on the electrical heating or
exposing the column to sunlight for solar heating. The solar flux was
measured by a pyranometer (Renke, RS-RA). As the temperature of the
adsorbent increased, the vapors in the product stream were collected
as liquid water products by the air-cooled condenser, while the CO2

product was collected using a syringe to record the product volume
profile. The collected CO2 product was then stored in gas sampling
bags and analyzed using gas chromatography with a thermal con-
ductivity detector. To monitor the real-time product purity, a CO2

analyzer (Servomex 1440) was directly connected to the condenser
and syringe. The volume profile of desorbed CO2 can be expressed as,

VCO2, tdes
=
Z tdes

0
CCO2, t

∂Vp, t

∂t
dt ð7Þ

where VCO2, tdes
is the desorbed CO2 volume at a certain desorption

time ðtdesÞ, Vp, t is the product volume at t, CCO2, t
is the real-time CO2

purity of the product at t. Once the volume profile of desorbed CO2 is
obtained, the CO2 loading of the amine-grafted resin during the
desorption step can be determined.

The water product collected from the condenser was analyzed
using 1H NMR spectra (Varian VNMRS 600MHz). To analyze the water
vapor pressure inside the column during desorption, a humidity
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sensor (Vaisala HMT338) was positionedwithin the column tomonitor
the humidity and temperature surrounding the amine-grafted resin.
The water vapor pressure was calculated using the Antoine equation
for vapor-pressure data38. After the desorptionprocess, the adsorption
column was purged with fresh air to rapidly decrease the adsorbent
temperature and initiate the next adsorption cycle.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within this
paper and the Supplementary Information. Source data are provided
with this paper.
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