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Distributed direct air capture by carbon nanofiber

air filters
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The rising atmospheric CO, concentration is one of the biggest challenges human civilization faces. Direct air
capture (DAC) that removes CO, from the atmosphere provides great potential in carbon neutralization. However,
the massive land use and capital investment of centralized DAC plants and the energy-intensive process of adsor-
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bent regeneration limit its wide employment. We develop a distributed carbon nanofiber (CNF)-based DAC air
filter capable of adsorbing CO, downstream in ventilation systems. The DAC air filter not only has the potential to
remove 596 MtCO, year~' globally but can also decrease energy consumption in existing building systems. The
CNF-based adsorbent has a capacity of 4 mmol/g and can be regenerated via solar thermal or electrothermal
methods with low carbon footprints. Through life cycle assessment, the CNF air filter shows a carbon removal ef-
ficiency of 92.1% from cradle to grave. Additionally, techno-economic analysis estimates a cost of $209 to 668 in

capturing and storing 1 tonne of CO; from direct air.

INTRODUCTION

The increasing atmospheric greenhouse gas concentration that leads
to intensifying global warming has become a critical environmental
concern (I). The atmospheric CO, concentration, which was 280
parts per million (ppm) in the preindustrial period, has increased
rapidly to exceed 420 ppm in 2021 (2), caused by human activities
that release around 36 billion tonnes (Gt) of CO, annually (3). Car-
bon capture and storage (CCS) technology is crucial for achieving
carbon neutrality, thereby effectively combating climate change (4).
To realize net zero emission at the end of the century, direct air cap-
ture (DAC), a negative emission technology that can directly re-
move CO, from the atmosphere (5, 6), will play a crucial role by
removing ~10 Gt/year of CO; globally by mid-century, and ~20 Gt/
year of CO; by the late 2090s (7). Compared with carbon capture
from substantial point sources with high CO, concentration, such as
fossil-fuel power stations and steel, cement, and chemical plants,
DAC aims to tackle the 420 ppm of CO; and reverse the anthropo-
genic emissions back to normal. In theory, the CO, in the atmo-
sphere is uniform enough for DAC to work anywhere without
location restriction; however, the extensive land use and capital ex-
penditure of DAC plants and the energy-intensive process of adsor-
bent regeneration limits its wide employment (8). Inferring from the
historical development from centralized solar farms to distributed
rooftop solar panels, it is anticipated DAC should become distrib-
uted to fully use its potential to accelerate our efforts in combating
global warming.

Same as rooftops provide existing access to solar energy with-
out additional land use, buildings can also support DAC through
the existing ventilation systems. In industrialized countries, peo-
ple spend ~90% of their time indoors, such as homes, schools, and
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offices (9, 10). Ample ventilation is necessary to ensure indoor air
quality and occupant comfort (9, 11). Integrating and retrofitting
DAC units to the air filters in building indoor ventilation systems
holds great CO; capture potential due to its widespread distribu-
tion and abundant resources (Fig. 1, A and B, and text SI1). In
addition, it can reduce the energy consumption for heating, ven-
tilation, and air-conditioning (HVAC) by decreasing outdoor
ventilation requirements (Fig. 1C), which accounts for 30% of global
energy consumption and emits 10% of greenhouse gases globally
(12, 13).

Now, many materials have been developed for DAC, i.e., aqueous
amine solutions (14, 15), redox-active adsorbents using electro-
chemical methods (16-20), calcium sodium hydroxide adsorbent
(21-23), amine-functionalized solid adsorbents (24-28), and metal-
organic framework materials (29, 30), etc. While holding excellent
properties in eliminating CO; from the air, these techniques are not
conformal to retrofitting air filtration. The liquid-phase absorbent
requires an additional pumping and dispensing system that is com-
plicated to be integrate into individual buildings. Other solid ad-
sorbents are usually in powder form, which can cause substantial
air pressure drop. More critically, current DAC adsorbents re-
quire high energy for regeneration. For example, it requires 225 to
357 kJ/mol CO; of thermal energy to regenerate calcium sodium
hydroxide adsorbent (31), 172 kJ/mol CO, for aqueous mono-
ethanolamine (MEA) solution (32), and 92 to 317 kJ/mol CO, for
amine-functionalized solid adsorbents (16, 33). Although the re-
generation energy is anticipated to be high, considering the strong
thermodynamic driving force required to capture CO; at the atmo-
spheric concentration, the state-of-the-art regeneration energies are
still considerably higher than the thermodynamic limits. The ineffi-
ciencies are mainly attributed to the low mass loading ratio of the
active sorbents to the inactive substrates and the loss through waste
heat that is too low-grade to recover. To realize distributed DAG, it
is necessary to develop a solid adsorbent that is not only compatible
with air filter systems with low-pressure drop and low-energy con-
sumption but also can be regenerated in a green and economi-
cal manner.
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Fig. 1. Concept and advantages of DAC air filter using CNF-based adsorbents. (A) Schematic showing the air filter adsorbing CO, from the passing air. (B) The US map
of the potential annual CO, mitigation amount by DAC air filters. (C) Energy saving scheme in the HVAC system: (a) without a DAC air filter, more outdoor ventilation is
required to maintain indoor CO, concentration at a safe and healthy level for the occupants, while (b) with a DAC air filter, less ventilation is needed. (D) Flowchart of the
CNF-based carbon capture air filter system, which consists of cyclic adsorption and desorption processes operated by renewable electricity or direct solar heating.
(E) Schematic showing CNF-based adsorbents regenerated by (a) solar thermal or (b) Joule heating powered by renewable energy sources. PV, photovoltaic.

Here, we develop a carbon nanofiber (CNF)-based polyethyleni-
mine (PEI) DAC air filter that can adsorb CO, within the ventilation
system in buildings, which not only has high DAC capacity but can
reduce HVAC energy consumption. The large surface area and po-
rous structure of the CNF enable a high PEI mass loading while
maintaining fast adsorption and desorption kinetics, leading to a
remarkable carbon capture capacity. CNF has excellent solar ab-
sorptivity, electrical conductivity, and low heat capacity, enabling
the adsorbent to be regenerated by solar thermal and/or electrother-
mal methods, both with renewable energy sources (Fig. 1, D and E).
The total carbon footprint and environmental impacts of the whole
CCS process for the air filter system are evaluated using life-cycle
assessment (LCA), showing an overall cradle-to-grave CCS efficien-
cy of 92.1% using solar thermal regeneration.

Wu et al., Sci. Adv. 11, eadv6846 (2025) 17 October 2025

RESULTS

Fabrication, adsorption capacity, and kinetics of CNF-based
adsorbent for DAC

The DAC air filter is fabricated by impregnating branched PEI on
CNF nonwoven framework, which is obtained by electrospinning
and pyrolysis of polyacrylonitrile (PAN). Briefly, PAN nanofibers
were fabricated using a electrospinning technique, followed by oxi-
dation at 260°C in air to stabilize the structure, and pyrolysis at
900°C in argon to obtain the CNF with high carbon yield (56%) and
high electrical conductivity due to graphitization. Afterward, a thin
layer of branched PEI with controllable mass loading was impreg-
nated on CNF nonwoven framework to get the CNF-based adsor-
bent (Fig. 2A). The PAN nanofibers have round cross section with
an average diameter of 230 nm, which further shrinks to around 197 nm
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Fig. 2. Fabrication and CO, adsorption capability of the DAC air filter. (A) Preparation of the DAC air filter, including electrospinning, pyrolysis, and PEl impregnation.
(B) SEM images showing the surface and cross-sectional morphology of CNF nonwoven. (C) Pore distribution curves of CNFs before and after PEI impregnation. (D) CO,
and N, adsorption isotherms of DAC air filter at 25°C. Inset is the enlarged figure showing the high CO, adsorption capacity and selectivity at 400 ppm of partial pressure.
(E) In situ FTIR-ATR spectra of DAC air filter as the temperature increases from 27° to 105°C. (F to G) Breakthrough curves of DAC air filter with different PEI mass loading
under (F) dry and (G) humid conditions. (H) Adsorption capacities of the DAC air filter measured with humid N, gas containing 400 ppm of CO,.

after pyrolysis into CNEF, as shown in SEM images in Fig. 2B and
transmission electron microscopy (TEM) images in fig. S1. Raman
spectrum shows clear D band and G band at 1348 and 1579 cm™,
which corresponds to the defects and disorders, and the characteris-
tic peak of sp>-hybridized carbon structures, respectively (fig. S1C).
The diffraction peaks at 43° (110) and 26° (002) also confirm the
presence of ordered graphitic and amorphous carbon (fig. S1D) in
the x-ray diffraction (XRD) spectrum (34).

Based on the N, adsorption isotherms, CNF has a surface area of
50.2 m*/g with a mesoporous structure (fig. S2). It allows PEI to
penetrate and distribute uniformly on the surface of the nonwoven.
To decrease the solution viscosity and facilitate the mass flow,
PEI is first diluted in methanol with various concentrations [1 to

Wu et al., Sci. Adv. 11, eadv6846 (2025) 17 October 2025

20 weight % (wt %)] before impregnation, which results in different
PEI mass loading of 16 to 78 wt % on CNF (PEI mass ratio in total
adsorbent). As shown in the scanning electron microscopy (SEM)
images (fig. S3) and energy-dispersive x-ray spectroscopy (EDS) re-
sults in fig. S4, PEI is coated uniformly on the CNF nonwoven sur-
face, with N contents increased from 2.3 to 12.2%. In addition, the
analysis of C, N, and O elements at five different spots along the
thickness direction further demonstrates the uniform surface im-
pregnation (fig. S4). PEI is firstly coated on a single fiber surface and
then partially clusters and forms a thin membrane on the fiber net-
work, blocking parts of interfibrous pores on the nonwoven (fig. S3).
After impregnation with 61% PEI mass loading, the adsorbent still
maintains a surface area value of 18.9 m?/g (Fig. 2C).
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The abundant amine groups on PEI-CNF adsorbent spontane-
ously react with CO, at low partial pressure (400 ppm), as shown in
the CO; adsorption isotherms at 25°C (Fig. 2D). At CO, atmo-
spheric partial pressure of 0.3 mmHg, the CO, adsorption capacity
reaches to ~2 mmol/g, while that for N, remains negligibly low,
demonstrating its excellent selectivity for CO, adsorption in air. The
N, adsorption increases when the partial pressure is enhanced to
600 mmHg, attributed to the physisorption of porous CNE. Under
dry conditions, primary or secondary amines react with CO, to
form ammonium carbamate, which may further form into carbamic
acid and bicarbonate with the assistance of water molecules under
humid conditions (35, 36). This enables the adsorbent to have a
higher capacity in the humid atmosphere. The tertiary amine on the
backbone of PEI can only react with CO, under humid conditions,
forming bicarbonate (35). The detailed reaction mechanisms are
shown in fig. S5. In situ Fourier transform infrared (FTIR)-attenuated
total reflectance (ATR) spectra were taken to study the CO; ad-
sorption and desorption mechanism, as shown in Fig. 2E. The ad-
sorbent was saturated with CO, in the ambient atmosphere [22° to
28°C, 30 to 50% relative humidity (RH)]. At the temperature of
27°C, peaks at 1286, 1558, and 1633 cm™" can be assigned to the
C-N, COO-, and C=0 stretching in carbamate or carbamic acid,
respectively (37, 38). After being heated to 80°C, these peaks dimin-
ish because of the endothermic desorption of CO; (39). Meanwhile,
peaks at 3347 cm™" that refer to the N-H stretching in primary
amines intensify, demonstrating the reformation of amine groups
on the carbon surface.

X-ray photoelectron spectroscopy (XPS) was used to character-
ize the surface properties of the as-synthesized CNF and the CNF/
PEI adsorbent (fig. S6). Both samples exhibit the presence of
carbon (C), nitrogen (N), and oxygen (O). The high-resolution
N 1s spectrum of the pristine CNF shows two main peaks corre-
sponding to pyridinic nitrogen (398.2 eV) and graphitic nitrogen
(401.1 eV), which are attributed to the pyrolysis of oxidized PAN
(40) (fig. S6B). After PEI impregnation, nitrogen from the amine
functional groups dominates the N 1s spectrum. The peak that ap-
pears at 400.2 eV corresponds to the typical amine functional
group (41), while the other peak at 401.5 eV (fig. S6C) can be as-
signed to the protonated nitrogen, associated with the formation of
the carbamate ion (41), which forms when the adsorbent reacts
with the CO, in the air.

Breakthrough tests were conducted to quantify the transient ad-
sorption and investigate the kinetics of CNF adsorbents by purging
CO,/N; mixture gas (400 ppm of CO; in N, for simulating direct
air) through the adsorbents and measuring downstream CO; con-
centrations in real time (fig. S7 and experimental section). Figure 2F
shows the breakthrough curves of the CNF adsorbents with differ-
ent PEI loadings under dry CO,/N, mixture gas. With PEI mass
loading increasing from 16 to 78%, it takes longer to be fully satu-
rated with CO,, indicating higher adsorption capacity. Under a hu-
mid atmosphere, the saturation time is further enhanced (Fig. 2G).
By converting the breakthrough data into CO, adsorption capacity
(Fig. 2H and fig. S8), CNF adsorbents show highest adsorption ca-
pacity of 4 mmol/g at humid conditions (68% RH) and 1.5 mmol/g
at dry condition when PEI mass loading is 78%. Both the adsorption
capacity and adsorption rate are enhanced under humid conditions
compared to a dry environment because water works as a nucleo-
phile and assists the CO,-amine reaction (36). Under three different
humid conditions, i.e., 0, 30, and 68% RH, the adsorption capacities
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are 1.1, 2.5, and 3.0 mmol/g, respectively, when PEI loading is 61 wt %,
as shown in fig. $9. Meanwhile, the presence of water leads to a
slower reaction rate, which can be attributed to the higher activation
energy of the water-assisted pathway, making it kinetically less fa-
vored compared to the direct amine-CO, reaction mechanism (36).
With PEI mass loading increasing to 78 wt %, the adsorption capac-
ity has been enhanced owing to more amine groups on the CNF
surface, but the thick coating of PEI also blocks the inter- and in-
traporous structures of CNF nonwoven (fig. $3) and therefore limits
the CO, diffusion in the adsorbent, resulting in slower adsorption
rate. At room temperature, the adsorption time at half capacity
markedly increases when the PEI mass loading is enhanced to 74
and 78 wt % at both humid and dry conditions (fig. S5B), which is
caused by the increasing PEI clogging on the CNF networks (fig. S1).
When the PEI mass loading is 61 wt %, the adsorbent shows a high
capacity of 3 mmol/g with a short adsorption time at half capacity
of 27 min.

The effect of temperature on the adsorption capacity and amine
efficiency is further explored. The amine efficiency (mol CO,/mol
N) refers to the molar ratio of captured CO, to the number of amine
groups (26). With the temperature increasing from 25° to 80°C, the
adsorption capacity and amine efficiency are both enhanced, due
to the fast CO, diffusion, accelerated reaction kinetics, and im-
proved polymer chain mobility under a high PEI loading of 78 wt %
(fig. S10).

Desorption of CNF adsorbent using renewable energy

CNF adsorbent can be regenerated efficiently using either solar
thermal or electrothermal approaches due to its intrinsic high solar
absorptivity, decent electrical conductivity, low heat capacity, and
low desorption temperature of amine-CO,. Solar thermal regener-
ation holds great potential since it allows the direct conversion
from solar radiation to the thermal energy of the adsorbents, with-
out requirements for additional materials or energy resources.
Compared to the current thermal regeneration methods using a
boiler or furnace with enormous energy input (42), the solar ther-
mal systems could minimize the carbon footprint. Figure 3A shows
the solar absorptivity of CNF pyrolyzed at different temperatures
from 600° to 900°C. When the pyrolyzing temperature is 900°C,
the weight-averaged solar absorptivity (in reference to AM1.5)
reaches up to 94.4%. We theoretically calculated the adsorbent
temperature under different solar intensities (text S2). The adsor-
bent treated under 900°C can be heated up to the regeneration tem-
perature (~80°C) when the solar intensity is 860 W/m? as shown
in Fig. 3B. This enables the CO; to be desorbed from the CNF ad-
sorbent under direct sunlight. To experimentally demonstrate this
process, a solar simulator was used to generate solar power for the
CNF adsorbent placed on a foam in an air-sealed quartz tube
(fig. S11). The regenerated CO, was detected by the downstream
sensor. Figure 3C shows the real-time regenerated CO, concentra-
tion under different solar intensities from 982 to 1882 W/m?. Ad-
sorbents were saturated at room atmosphere of 22 to 28°C and 30
to 50% RH before measurements. The desorption is accelerated
under intensified solar intensity owing to the corresponding higher
CNF temperatures. Ultimately, CO, can be removed from the ad-
sorbents even at a solar intensity of 982 W/m? (fig. $12). The de-
sorbed CO, from the CNF adsorbents with various PEI mass
loading using solar thermal methods are shown in fig. S13. The
desorption CO; capacity is more pronounced with the PEI mass
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Fig. 3. Regeneration of DAC air filter. (A) Solar absorptivity of CNF prepared at different pyrolysis temperatures. (B) Simulated temperature of the DAC air filter under
different solar intensities. (C) Solar regeneration of DAC air filter by solar thermal method at different solar intensities. The inset shows CNF-based adsorbent in a quartz
tube under solar light. (D) Regeneration of DAC air filter by electrothermal method at different on-site time of 15, 1.5 5, and 2 s. (E) PEI mass and carbon adsorption capac-
ity of the DAC air filter at different cycle numbers. (F) Pressure drop of CNF before and after PEl impregnation.

loading increasing from 16 to 78 wt %, following a similar trend as
the adsorption capacity (Fig. 2H).

Another advantage of the CNF-based adsorbent is that CNF is
electrically conductive, which enables the CNF framework to be
heated up via Joule heating. Compared to the mesoporous silica-
based solid DAC adsorbents that can be only regenerated using ex-
ternal thermal sources (43, 44), electrically conductive CNF-based
adsorbents are more efficient by localizing the heating near the
nanofibers. Moreover, the electrification of the DAC will reduce the
total carbon footprint given assess to energy sources, such as hydro,
wind, photovoltaic, and geothermal. The sheet resistance of the
CNF nonwoven decreased from 16.4 megohms/sq to 38.7 ohms/sq
when the pyrolysis temperature was increased from 600° to 900°C
(fig. S14) because a more ordered graphite structure was achieved
under higher pyrolysis temperatures. The heat capacity of CNF is

Wu et al., Sci. Adv. 11, eadv6846 (2025) 17 October 2025

measured to be only 1.3 J/(g-°C). Together with the nanoscale di-
mensions and high PEI-to-CNF mass ratio, the sensible heat used to
heat the CNF substrate is greatly minimized. In contrast, aqueous
solution-based absorbents in the DAC industry, such as the liquid
MEA/water system, inevitably require more regeneration energy
than PEI-CNF because of the high heat capacity of water [~3.93 ]/
(g-°C)] (14). To demonstrate the electrothermal regeneration capa-
bility, PEI-CNF adsorbent is connected to an electric circuit with a
digital power supply and solid-state relay (fig. S15). CNF-based ad-
sorbents are connected to the circuit by alligator clips (inset image
in Fig. 3D). CO; can be effectively released from the adsorbent when
a short electrical pulse is applied to the circuit (Fig. 3D).
Temperature-swing cyclability of CNF-based adsorbent is eval-
uated by in situ thermogravimetric analysis (TGA) via simulta-
neously switching temperature and N,/CO, atmosphere (fig. S16,
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experimental section). CNF-based adsorbent maintains an adsorp-
tion capacity of 88.3% after 10 cycles and 72.37% after 40 cycles.
After that, the performance became stable, and less capacity drop
was noticed. In the next 30 cycles, the performance only drops
0.67% (Fig. 3E). The performance degradation follows a similar
trend to the PEI weight loss under cycling thermal regeneration
(Fig. 3E), indicating that the performance decrease is primarily due
to PEI volatilization or thermal decomposition (45, 46). In addition,
the CNF adsorbents have a low pressure drop of 76 Pa at a face ve-
locity of 77 cm/s because the nanofiber dimension is close to the
mean free path of air molecules, which allows the air molecules to
pass through the fiber smoothly according to the gas slip effect
(Fig. 3F) (47, 48). When the face velocity is at a typical HVAC flow
rate of 4 m/s, the pressure drop is 392 Pa (fig. S17). The energy con-
sumption required to account for the pressure drop in ventilation
and the associated carbon footprint are discussed in Fig. 4.

LCA of CNF-based DAC air filter

The CNF-based adsorbent can be directly integrated downstream
of a standard air filter within the building ventilation system, elim-
inating the requirements of expensive DAC plant constructions.
To quantitatively assess the carbon footprint and environmental
impact of distributed DAC by the air filters in eliminating 1 kg of
CO, from direct air, LCA was conducted with the Ecoinvent 3.1
database using OpenLCA software. Figure 4A shows the boundar-
ies of cradle-to-gate and cradle-to-grave (removing and storing
1 kg of CO; from direct air) for the DAC air filter system. The
cradle-to-gate boundary includes the production and end-of-life
treatment of the adsorbent composed of PEI and CNE The cradle-
to-grave boundary covers the cradle-to-gate, DAC operation, and
CO; storage process. The energy consumption for the DAC operation
includes air filter pressure drop, transportation of air filter, regen-
eration, and vacuum pumping, and the CO, storage process includes
gas transportation, CO, compression, and deep underground in-
jection (text S3).

We first evaluated and compared the cradle-to-gate carbon
footprint of different amine-based solid adsorbents, i.e., PEI on
alumina, silica, cellulose, and CNF. It is assumed that the mass
loadings of PEI on these substrates are each 61%, and the adsorp-
tion capacity of the adsorbents is 3 mmol/g based on the experi-
mental results above. The life cycle inventories of PEI and
substrates are listed in tables S1 to S6. Figure 4B shows that all
four PEI-based adsorbents have a low carbon footprint of 0.039 to
0.055 kg in eliminating 1 kg of CO; from direct air. Among them,
CNF-based adsorbent has a carbon footprint of 0.049 kg, which is
slightly higher than that of alumina and silica-based adsorbents.
The cellulose-based adsorbent has the highest carbon footprint of
0.055 kg in the adsorbent life cycle. In addition, compared to the
end-of-life treatment of these adsorbents (disposal or recycling),
the production of adsorbents accounts for more than 80% of the
total carbon emission.

Further, the carbon footprint at various stages of the CCS process—
such as transportation, regeneration, pressure drop, vacuum, and
CO, storage—are assessed in Fig. 4C. We compared the carbon
emissions when solar thermal and electrothermal technologies were
used for adsorbent regeneration. The air filter is assumed to be re-
placed every 2 days and transported to a centralized processing spot
located an average of 10 km from the buildings. For electrothermal
regeneration, four types of renewable energy—i.e., hydro, wind,
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photovoltaic, and geothermal electricity—were chosen for compari-
son (table S7). DAC air filter with solar thermal regeneration has the
lowest carbon emission of 0.073 kg in eliminating 1 kg of CO,
(table S8). Among them, 67.5% of carbon emissions come from ad-
sorbent production and disposal, while another 24.2% comes from
the transportation of adsorbents and CO,. The regeneration step
only accounts for 2.2% of the total carbon emission. This results in a
high DAC efficiency of 92.1% in the whole adsorption and operation
process. Here, the DAC efficiency for air filter (np,) is defined as
the ratio of net CO, removal to the total captured CO, during the
cradle-to-gate and operation process

mCOZ,capture - mCOZ,cradle—to—gate emission mCOZ,operation emission

Mpbac=
mCOZ,capture
x100% 1)
where Mmcq puure 18 the total captured CO, by the air filter, and

mCOZ,cradle—to—gate emission” and mCO2,operati0n emission 1€ the emitted C02
from cradle-to-gate and during operation, respectively. Hydroelectricity-
powered carbon capture has the lowest carbon footprint of 0.09 kg
in eliminating 1 kg of CO,, followed by wind, photovoltaics, and
geothermal, which are 0.15, 0.49, 0.51 kg in eliminating 1 kg of CO,,
respectively (Fig. 4C). The DAC efficiency of these four systems is
90.5, 85.3, 50.5, and 49.4%, respectively (Fig. 4D).

The captured CO; can be either stored geologically or used for
chemical synthesis (such as fuel synthesis) (49), enhanced oil recov-
ery (50), food and beverage industry, and the production of coolants
and fire retardants (51). Over the period 1996 to 2020, 197 million
tonnes (Mt) of CO, was stored (52). Considering the intensified en-
vironmental impact and the gigatonne scale of CO, removal re-
quirements, geological storage will continue playing a critical role in
mitigating CO, emissions (53). Here, we calculated the carbon foot-
print and other environmental impacts of carbon capture air filters
that with a geological CO; storage end stage. It includes CO; com-
pressing, transportation to the geological storage site, and injection
to the deep sedimentary formation (tables S9 to S12) (7, 54, 55). The
sequestration of 1 kg of CO; results in 0.0059 kg of carbon emission
when choosing hydropower as energy type (Fig. 4C). Combined
with solar thermal technology in adsorbent regeneration, the cradle-
to-grave CO, removal efficiency (N ragie—to—grave) Of DAC air filter is
as high as 92.1% (Fig. 4D). Ncadie—to—grave 1S calculated by

mCOz,storage emission

x100% 2)

Neradle—to—grave = MIDAC —
mCOZ,capture

where Mcq_ iorage emission 18 the carbon footprint during storage.
Other environmental impacts such as land use, freshwater ecotoxic-
ity, and human body ecotoxicity for DAC air filters are also evaluat-
ed. The land use of air filters using the solar thermal regeneration
method is the lowest, followed by hydropower, geothermal, wind,
and photovoltaic methods (Fig. 4E). Distributed carbon capture air
filters can take advantage of existing ventilation systems, without
requirements for additional factory construction, thereby facilitat-
ing widespread adoption of carbon capture technologies. In addi-
tion, among five regeneration methods, the DAC air filter using
solar thermal regeneration shows the lowest freshwater and human
body ecotoxicity, further demonstrating its environmental friendli-
ness (Fig. 4F and fig. S18).
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TEA of CO, capture with CNF-based DAC air filter
To evaluate the economic potential of CNF-based distributed car-
bon capture, we performed a techno-economic analysis (TEA) for
filter production and subsequent CO, capture and storage. The TEA
was conducted with a discounted cash flow model. First, the level-
ized cost per filter was estimated for a centralized facility that fabri-
cates 50 million filters per year, which was then used to estimate the
cost of CO; capture within a city. The number of filters required for
a large city of about 10 million people was estimated to capture
about 1000 tonne/day of CO; (text S4). The filters were assumed to
be installed over a 1-year span; thereafter, we assume that 1% of the
filters are replaced yearly due to defects and losses. We further esti-
mated the cost associated with filter transportation (from where
they are produced and back and forth between CO; capture and re-
generation sites), the costs of labor, and the cost of CO, compression
for transportation to the storage site. Please see text S4 for details of
economic assumptions and costs.

The cost of DAC using two different regeneration methods,
i.e., solar thermal and electrothermal, were assessed, as provided
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in Fig. 5 (A and B). The estimated total costs are $362/tonne and
$821/tonne, respectively, with costs being normalized per MT of
captured CO,. When using electrothermal method for regeneration,
$546 is needed to capture 1 tonne of CO,, which decreases to $87
when using solar thermal regeneration. In solar thermal scenario,
filter production accounts for 64% of the total cost (Fig. 5A). We
also estimated the net cost of CO, capture and storage by consider-
ing the costs associated with CO, transportation and underground
storage and revenue from CO, sales for utilization or 45Q CO, cap-
ture credits as provided in the Inflation Reduction Act (56). This
further reduces the total cost of capture and storage or utilization to
$209 to 668/tonne (Fig. 5, C and D, and fig. S19).

DISCUSSION

The advantages of our distributed DAC air filter are fourfold: (i) low
capital expenditure for wide CO, removal, (ii) improved build-
ing sector heating/cooling energy efficiency, (iii) promote public
health and productivity, and (iv) efficient and low carbon footprint
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Fig. 5. Levelized cost of distributed CCS by CNF-based air filter. Cost of CO, capture using (A) solar thermal or (B) electrothermal methods for filter regeneration. Level-
ized cost of CO, capture and storage using (C) solar thermal method or (D) electrothermal methods for filter regeneration.
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regeneration. According to the American Society of Heating, Re-
frigerating, and Air-Conditioning Engineers (ASHRAE) 62.2-2016
standard, the indoor environment is recommended to receive not
less than 15 cubic feet per minute per person of outdoor air ex-
change to ensure indoor air quality and occupant comfort (57). For
example, cognitive function and productivity decrease when ex-
posed to CO; levels above 1000 ppm, with noticeable negative im-
pacts on sleep (9, 11). In addition, the odds of neurophysiologic
symptoms such as headache and fatigue largely increase when the
CO, concentration rises (58). If a DAC air filter is retrofitted into the
building downstream after conventional air filters, then one can
supply CO»-lean air for the indoor occupants without additional
fans/pumps (Fig. 1A). On the basis of the US population distribu-
tion in the year 2020, assuming that people spend 90% of their time
in indoor environments and that half of the population has access to
the air ventilation system that meets the minimal requirements of
ASHRAE, the potential CO, mitigation amount is calculated to be
25 MtCO; year™ " in the United States (Fig. 1B and text S1). Globally,
it can potentially further expand to 596 MtCO, year™*, which repre-
sents about 1.8% of the total annual global CO; emissions in 2020.
This huge capacity for CO; removal could play a crucial role in real-
izing carbon neutrality. This distributed DAC can be accomplished
without high capital expenditure to purchase new land and con-
struct DAC factories, which should facilitate faster deployment and
complement well with other DAC technologies.

The distributed DAC benefits the building HVAC energy efhi-
ciency by lowering the demand for fresh air intake because of the
low indoor CO; concentration. As shown in Fig. 1C (a), the conven-
tional ventilation system introduces outside fresh air at the volume
flow rate V', to offset the CO; generation by occupants and maintain
the indoor air quality. Because of the temperature difference be-
tween indoor and outdoor environments, the power (P) is needed
for heating/cooling this air can be calculated by P = CpleAT,
where Cp, p, and AT are the heat capacity, air density, and the in-
door/outdoor temperature difference, respectively. Note that we
simplify our discussion by focusing on thermal energy rather than
the work input of the heat pump or the air conditioner. By adding a
carbon capture air filter that can remove the on-site CO; in real time
[Fig. 1B (b)], the demand for ventilation decreases to V,(V, <V, );
therefore, the energy consumption (P,) also reduces (P, < P;). Con-
sidering the potential illnesses associated with high (>1000 ppm)
indoor COj; levels, our DAC air filters can also promote occupants’
health and productivity.

After absorbing the CO, from direct air, the CNF-based DAC air
filters can be regenerated using renewable energy sources, such as
sunlight and renewable electricity with high efficiency and extreme-
ly low carbon footprint. The desorbed CO, can be compressed and
sequestrated after separation from water by condensation. The air
filter returns to the building for recyclable usage (Fig. 1D). The
CNF-based adsorbent can be regenerated under direct sunlight be-
cause of its excellent solar absorptivity [Fig. 1E (a)]. Alternatively, it
can be regenerated by electrothermal methods using renewable en-
ergy resources, such as hydro, wind, photovoltaic, or geothermal
[Fig. 1E (b)]. For current industrially mature approaches for DAC
regeneration, such as thermal swing adsorption of aqueous KOH
solutions (59) or amine solutions (24-28), the adsorbents are heated
by external thermal sources, such as boiler or furnace. Because the
system’s peak temperature must exceed that of the sorbents for effec-
tive desorption, substantial energy loss from the heat source to the
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surroundings is inevitable. Joule heating, on the other hand, pro-
vides localized heating directly to the substrate, minimizing the
parasitic heat loss. Moreover, because traditional centralized regen-
eration methods are energy-intensive, choosing a low carbon foot-
print heat source is crucial to ensure a positive cradle-to-grave
carbon capture efficiency, which is why current DAC plants are loca-
tion sensitive to geothermal or other regeneration energy sources
(54, 60). Therefore, to realize distributed DAC, the regeneration en-
ergy source must be distributed, which makes renewable electricity
and solar thermal the optimal choices.

We conducted LCA to calculate the carbon footprint and carbon
removal efficiency of the total CCS process. Solar thermal regenera-
tion gives the highest CO, removal efficiency (Ncqdie—to—grave)» While
for air filters regenerated with electrothermal methods, although
relative “green” energy types were selected, they still cause immense
carbon emissions (Fig. 4C). The underlying reasons for these rela-
tively high carbon footprints originate from the production of
energy sources, e.g., 72.5% of carbon emissions in photovoltaic elec-
tricity come from the multi-Si wafer photovoltaic panels, and 82.9%
of carbon emissions in geothermal electricity come from deep well
constructions.

Sensitivity analysis in LCA indicates that the solvent used in adsor-
bent fabrication largely affects the environmental impacts. When di-
methyl sulfoxideis used in PAN electrospinning (61), the cradle-to-gate
carbon footprint in absorbing 1 kg of CO, decreases from 0.049 to
0.044 kg, and the CO, removal efficiency increases to 92.6%. In addi-
tion, ionization radiation on ecosystem and marine eutrophication
decreased by 21.5 and 25.6%, respectively, as shown in table S13. In
addition, the carbon footprint is sensitive to the adsorbent cyclability.
When the cycling number increases to 4000 times, the CO, removal
efficiency improves to 95.8% (table S14). Moreover, more PEI mass
loading on the CNF support results in a higher carbon capture capac-
ity, enhancing the total CO, removal efficiency (table S15).

We conducted TEA to analyze the cost needed in capturing 1 kg
of CO; from direct air, in comparison to centralized DAC technolo-
gies that consist mostly of solid or liquid sorbents. The current costs
for centralized DAC range from $100/tonne to more than $1000/
tonne (62); however, many of the lower range cost estimates rely on
waste heat and low-cost electricity. If we assume a low-cost electric-
ity of $30 per megawatt-hour, the levelized cost of CO, capture be-
comes $374/tonne and $541/tonne for solar and electrothermal
filter regeneration, respectively (see texts S5 to S7 for more discus-
sion). Compared to DAC, point-source CO, capture costs $20 to
200/tonne (63), depending on the capture volume and the CO, pu-
rity in the gas stream. Similarly, there are commercial technologies
(e.g., renewable electricity) that prove less expensive in reducing
GHG emissions. Our CNF-based adsorbent could also be applied to
point-source capture scenarios, where the higher CO, partial pres-
sure enhances adsorption capacity. As a result, the cost per metric
ton of CO, captured would be further reduced. DAC, however, is
one of the few processes that addresses the already emitted CO,,
thus potentially enabling negative net greenhouse gas emissions
without being dependent on a CO, source.

In summary, we demonstrated distributed DAC using the CNF-
based air filter to adsorb atmospheric CO; in indoor ventilation sys-
tems, aiming to exploit the untapped potential for CO, removal in
urban areas. The DAC air filter not only has the potential to remove
596 MtCO, year™" globally but can also promote building energy
efficiency and promote public health and productivity. In addition,
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the electrical and optical properties of CNF allow the absorbent to
be regenerated at an extremely low carbon footprint, thus increasing
the net carbon removal efficiency. The CNF-based adsorbent has a
high capacity of 4 mmol/g in a humid atmosphere owing to its po-
rous structure and high PEI mass loading. Regeneration can occur
under direct sunlight because of their superior solar absorptivity of
94.4% and low heat capacity of 1.3 J/(g-°C). The CNF has a sheet
resistance of 38.7 ohms/sq, enabling it to be electrothermally regen-
erated using renewable electricity sources. When including the car-
bon footprint of adsorbent production, operation, CO; storage, and
disposal, LCA shows that the DAC air filter can achieve a high car-
bon removal efficiency of 92.1% from cradle-to-grave when using
solar thermal technology for regeneration. In addition, TEA results
estimate a cost of $209 to $668 for capturing and storing 1 tonne of
CO; directly from the air. By taking advantage of billions of ventila-
tion systems in the world, distributed DAC air filter technology can
shift the paradigm and strengthen the present joint force to confront
climate change.

MATERIALS AND METHODS

Preparation of CNF-based DAC air filter

CNF was prepared using electrospinning and pyrolysis of PAN.
First, 8 wt % PAN [average molecular weight (M,,) 150,000, (Typi-
cal) from Sigma-Aldrich] was dissolved into dimethylformamide by
heating at 60°C with stirring for 12 hours until a completely clear
solution was obtained. The prepared PAN solution was electrospun
under conditions with positive 8-kV voltage at a flow rate of 1 ml/
hour. The fibers were collected on a grounded aluminum foil. The
distance between the feeding needle (21#) and the collecting elec-
trode was kept at 15 cm. The prepared PAN fibers were dried under
vacuum at 60°C overnight to remove the residual solvent. After-
ward, PAN nonwoven was oxidized at 260°C for 5 hours in the air.
Subsequently, oxidized PAN was transferred to a tube furnace and
pyrolyzed at 600° to 900°C under an Ar atmosphere for 2 hours. The
ramping rate was set as 5°C/min. To prepare CNF adsorbents with
different PEI (branched, average M, ~800 from Sigma-Aldrich)
mass loading, PEI was first dissolved in methanol (high-performance
liquid chromatography, from Sigma-Aldrich) at a weight percentage
of 1, 2.5, 5, 10, 15, and 20 wt %. After treatment under oxygen plas-
ma (100 W, 5 min), CNF nonwovens were dipped into the PEI/
methanol solutions for 5 s and then dried at room temperature to
obtain the adsorbents for the DAC air filter.

Absorption isotherms of CNF-based adsorbents

The N, and CO, adsorption isotherms were measured by 3Flex Mi-
cromeritics. For the adsorption isotherms determining the surface
area of CNF and adsorbent, the isotherms were measured at 77 K
with sample tube merging in the liquid nitrogen. Helium gas was
used for free space measurement. The surface area was derived from
the N absorption curve using Brunauer-Emmett-Teller theory. The
adsorption isotherms for N,/CO; adsorption selectivity were mea-
sured at 25°C.

Breakthrough measurements of CNF-based adsorbents

Breakthrough tests were carried out using a homebuilt setup shown
in fig. S7. Ar was used as the carrier gas. CO, mixture (400 ppm) in
N, was used for analysis. A mass flow controller (FMA-2617A from
Omega Engineering Inc.) was used to control the mass flow rate.
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KF-16 ring with stainless steel screen for clamp high-vacuum fit-
tings (McMaster-Carr Supply Co.) was used for the sample holder.
The sample weight was kept within 1 to 10 mg. A stainless-steel
mesh with a size of 0.48 mm” was used to fix the sample on the
other side before it was connected to the stainless-steel tube. CO,
concentration was measured using an infrared CO; analyzer (Q-
S151 from Qubit Systems Inc.). Before breakthrough measurements,
the samples were degassed at 120°C for 12 hours in a glove box filled
with Ar. The samples were sealed and transferred to the setup with
Ar purging through the whole stainless-steel tube until no CO,
could be detected downstream. For the dry gas breakthrough test,
400 ppm of CO,/Nj (used as received) flowed into the sample hold-
er with a flow rate of 8 standard cubic centimeters per minute
(sccm). For the wet gas breakthrough test, the 400 ppm of CO,/N,
gas was first purged through a water reservoir, and then the mixture
of gas with water molecules was purged through the sample holder.
The humidity of the mixture gas was controlled by the water level in
the sink, and it was measured using a humidity sensor (SEK-SHT31-
Sensors). For the capacity measurements at different humid condi-
tions (fig. S6), the flow rate is 20 sccm. Analytical grade CO,, Ny, Ar,
and He from Airgas Inc. were used as received.

Regeneration of CNF-based adsorbents

CNF-based adsorbents were regenerated using the breakthrough
setup equipped with a quartz tube as the sample holder. For solar-
driven regeneration, a solar simulator was used to simulate the
sunlight with different powers. For joule heating regeneration,
CNF-based adsorbent was connected to two copper alligator clips,
which were further connected to a power supply and a solid-state
relay. A functional generator was used to control the switching time
for the electric circuit.

Cyclability measurements of CNF-based adsorbents

The CO; capture cyclic performance was investigated by a thermo-
gravimetric analyzer (TGA, TA Instruments Q50). A sample flow of
60 ml/min and a balance flow of 40 ml/min were used for the analy-
sis. A sample weight of ~5 mg was used for measurement. Before the
cyclic test, the sample was first heated to 105°C in an N, environ-
ment to remove the adsorbed CO, and H,0. One adsorption-
desorption cycle includes two steps. For absorption, the temperature
was decreased to 25°C, and CO, gas was purged to the adsorbents
through the sample flow at 200 ml/min. For desorption, the tem-
perature was increased to 105°C in the N, atmosphere. The CO, ad-
sorption time was 2 hours. The temperature ramping rate was set
as 10°C/min.

Optical characterizations of CNF-based adsorbents

The ultraviolet (UV)-visible-near-infrared absorption (A) spectra
were derived after measuring transmission (7) and reflection (R)
spectra (A =1 — R — T) by Shimadzu UV-3600 spectrophotometer
equipped with a barium sulfate integration sphere (ISR-1503). The
incident angle was set as 0°. A barium sulfate standard white plate
was used for baseline measurements. FTIR spectra were measured
by Shimadzu IRTracer-100 FTIR spectrophotometer with Gladi-
ATR (diamond prism) single-bounce ATR mode.

Other characterizations
The SEM images and EDS of the CNF nonwoven were taken by
a high-resolution field emission scanning electron microscope
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(Carl Zeiss Merlin). TEM images were taken on FEI Tecnai G2 F30
300 kV Super Twin Electron Microscope. XPS and XRD spectra
were taken using the Kratos AXIS Nova and Rigaku SmartLab, re-
spectively. Raman spectrum was measured by HORIBA LabRAM
HR Evolution Confocal Raman Microscope. Pressure drop is mea-
sured by a differential pressure gauge (EM201B, UEi Test Instru-
ments). Sheet resistance was measured by a Signatone Pro4 probe
stand with an SP4 probe head and a Keysight B2901A precision
source/measure unit. The heat capacity was measured by the TA In-
struments Discovery 2500 differential scanning calorimeter.

Supplementary Materials
This PDF file includes:
Supplementary Text S1 to S7

Figs.S1to S22

Tables S1to S19
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