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Direct air capture by membranes
Shigenori Fujikawa*  and Roman Selyanchyn 

Reducing  CO2 emissions alone will not suppress global warming, and it is necessary to 
capture the  CO2 that has been cumulatively emitted into the atmosphere as well. For this 
reason, negative  CO2 emission technology, a technology to capture  CO2 from the atmosphere, 
is considered essential. Especially, direct capture of  CO2 from the air, so-called direct air 
capture (DAC) has attracted much attention as one of promising technologies, because of 
the high potential capacity of  CO2 capture. In general, absorption, adsorption, and membrane 
separation are known as representative  CO2 capture technologies, and DAC is basically 
based on these technologies. In particular, DAC using absorption and adsorption methods 
has already reached the level of plant scale, but the desorption process of captured  CO2 
from the absorbent or adsorbent consumes a large amount of heating energy and water. On 
the other hand, membrane separation is generally considered as a most cost- and energy-
efficient process among these capture technologies, but DAC by membrane separation has not 
been considered at all due to the immaturity of the membrane performance for  CO2 capture, 
especially  CO2 permeance. However, recent developments in membrane technology have 
brought the possibility that membrane processes can be considered as a new approach to 
DAC. In this article, the potential of membrane technologies as DAC is discussed and future 
technology target is proposed.

Introduction
Currently, various climate change-related activities are being 
carried out all over the world to realize a “decarbonized soci-
ety,” and R&D of related technologies is also being vigor-
ously promoted. In particular, the reduction of carbon dioxide 
 (CO2) emissions has become an urgent issue. Development 
of carbon capture and storage (CCS) technology is being pro-
moted to reduce  CO2 emissions as dealing with large-scale 
 CO2 emission sites such as thermal power plants. At the same 
time,  CO2 emissions reduction alone has proven to be insuf-
ficient to reduce the concentration of  CO2 in the atmosphere, 
so it is essential to also implement technologies of direct air 
capture (DAC) to capture the  CO2 already released into the 
atmosphere.1

As a source of  CO2 capture, it is important to compare the 
features of the atmosphere with those of large-scale emission 
sources such as thermal power plants in the development of 
DAC technology. First of all,  CO2 concentration of the air 
is ultrasmall (about 400 ppm) compared to that of the flue 
gas emitted from plants and factories (>10%). This low  CO2 
concentration is causing technical difficulties. Second is an 
amount issue. The amount of air needed to be processed is 

enormous. Third, the atmosphere exists everywhere on the 
planet, but large  CO2 emission sites such as thermal power 
plants are located in specific places. Based on these charac-
teristics of air, DAC technology should possess the ability 
to process a huge amount of air efficiently and should be 
location-independent.

In terms of mass treatment, liquid absorption is consid-
ered the main capture technology because of its large process 
capacity.2 However, a sorbent-based process generally requires 
a specific site where a capture plant is installed. Consider-
ing the ubiquitous nature of the atmosphere, this adsorbent 
process may not be well suited, because it generally requires 
large-scale, low-cost green energy to recover  CO2 from absor-
bent, water, and harzardous chemicals and these factors often 
limit an installation site. In particular, 78% of the world’s 
 CO2 emissions come from G20 member countries.3 Given the 
higher concentration of  CO2 in the atmosphere around major 
urban cities,  CO2 capture is particularly important in these 
areas where population and economic activities are concen-
trated. In such urban areas, distributed deployment of smaller 
systems is more suited because the space is limited. There-
fore, the new concept of “ubiquitous  CO2 capture,” in which 
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atmospheric  CO2 can be captured anywhere, becomes increas-
ingly valuable. This concept is similar to the photovoltaic (PV) 
system in electricity generation. Sunlight falls universally on 
the Earth and conventional PV systems can capture sunlight 
in any location, from small to large, if space is available for 
installation. One can find a common nature in electric power 
generation and DAC. A thermal power plant is a centralized 
system to produce a large amount of electricity efficiently, but 
the installation site is limited, whereas PV is a decentralized 
one. In DAC, technologies to fit both large-centralized and 
small-distributed systems are necessary.

For a distributed and scalable DAC system such as PV sys-
tems, it is necessary to develop a  CO2 capture technology that 
can be modularized without hazardous chemicals and requires 
low energy and a small footprint. Although many approaches 
have been reported so far,  CO2 capture by membranes requires 
less energy and space and can be adjusted to any scale by 
combining membrane units. Therefore, from the viewpoint of 
ubiquitous  CO2 capture, membrane separation becomes highly 
advantageous.

Possibilities of membrane‑based DAC (m‑DAC)
Generally, it has been believed that capturing  CO2 directly 
from the air by membranes is impractical because the  CO2 
concentration in the air is too small (400 ppm) to give a suf-
ficient driving force for  CO2 permeation through the mem-
branes.4 In addition, conventional membranes have a low  CO2 
permeance and thus require energy to set a large pressure dif-
ference or a tremendous membrane area for DAC use. Con-
versely, if the  CO2 permeance of membranes is high enough, 
membrane-based DAC will become a promising technology.

To explore the potential of m-DAC, we carefully examined 
membrane system performance for capturing  CO2 from the 
atmosphere by using process simulation.5 Multistage sepa-
ration was considered to achieve practical preconcentration 
because single-step separation is insufficient to obtain higher 
 CO2 concentration.6 Figure 1 shows a schematic diagram of 
the membrane separation process. Compared to industrial sep-
aration processes, a more straightforward design of membrane 

stages with the same separation performance connected in 
series was employed. The concentration of  CO2 in the reten-
tate gas of each separation step was set to 300 ppm. As such, 
the total residue of the system could be seen as having an 
average  CO2 concentration similar to the preindustrial atmo-
spheric level. We have also optimized the separation system to 
ensure that  CO2 concentration in the final permeate gas would 
be enriched by a factor of 1000 or more (>40 mol% of  CO2 
in a product). Based on this scenario, a membrane with  CO2 
permeance of 10,000 GPU (1 GPU = 7.5 ×  10–12  m3(STP)  m−2 
 s−1  Pa−1, STP: standard temperature and pressure) and a  CO2 
selectivity of 40 for other gases could capture 1 kg of  CO2 per 
day with a total membrane area of less than 5  m2.

Considering the conventional membrane module geom-
etries, the membrane with an area of 5  m2 can compactly fit 
into a volume of fewer than 1000  cm3.7 With such small mem-
brane module sizes, membrane-based  CO2 capture units can 
be installed almost anywhere.

In the separation process described above, most of the 
energy is used by vacuum pumps at the permeate side of 
each membrane. Figure 2 summarizes the performance of the 
four-stage separation system depending on the concentration 
of  CO2 in the surrounding atmosphere. Figure 2a shows that 
four stages are essential to achieve the relevant concentration 
of the  CO2 in the product, as only the tiny preconcentration 
can be performed in one step (independent of membrane 
separation properties if realistic vacuum pumps are consid-
ered). The first step is the most energy-intensive because the 
system should process a large amount of air (takes >80% of 
total energy expenditure). Although requiring lots of energy 
for the preconcentration from ambient air, it drops signifi-
cantly when the feed concentration increases. Moreover, this 
result is obtained under specific conditions, and the total 
performance of membrane separation is affected by many 
operational parameters, such as gas selectivity, pressures 
in the system, and stage-cut, in addition to gas permeance. 
Further parametric analysis of separation performance may 
provide the pathway how to reduce the energy consumed in 
the m-DAC process.
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Figure 1.  Schematic diagram of the  CO2 capture process enabled by the four stages of membrane separation.
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Generally speaking, the average  CO2 concentration in 
the air is around 400 ppm. However, there are many sites 
in human environment where it is significantly higher than 
that. For example, the average  CO2 concentration in office 
spaces reaches nearly 1000  ppm8 and, thus, office buildings 
would be good candidates as small-scale  CO2 capture sites. 
Figure 2b shows the relationship between the concentration 
of  CO2 in the air and the energy required for pumps to gen-
erate transmembrane pressure differences. As can be seen, 
higher  CO2 concentration in the feed dramatically reduces 
the energy required for  CO2 capture. At the same time, the 
product purity also increases. For example, the Roppongi 
Hills Mori Tower Building in Tokyo has an office area of 
179,013  m2, and if the ceiling height is set at 3 m, the vol-
ume of the office space is 537,039  m3. Considering that the 
average  CO2 concentration in the office during the daytime is 
about 600 ppm and that the air conditioning system ventilates 
several times in an hour (about 5 times), the weight of  CO2 in 
this exhausted air is about 17,000 tons/year.9 If, for example, 
25% of this  CO2 is recovered, 4200 tons of  CO2 can be col-
lected from just one building. This potential is not negligible. 
Similarly, schools, shopping malls, and places where people 
gather should be potential sites to capture  CO2. In addition, 
there are many candidate places where  CO2 concentration is 
high in a city, and urban regions have great potential as  CO2 
capture sites.

Application scenarios for m‑DAC in carbon capture, 
utilization, and storage
In conventional  CO2 capture and storage (sequestration), 
 CO2 capture sites are generally identified as thermal power 
plants, cement plants, and steel mills, which present a certain 

limitation for technology adoption. In addition, the gas purity 
target for geological storage of  CO2 after capture is 90% or 
higher.10 Therefore, the required performance of  CO2 capture 
systems is automatically set to meet this target condition. 
This is a single path that allows each process target to be 
set clearly and concisely because starting and ending points 
of CCS are identified. As one can realize, there are many 
opportunities and scenarios to deploy the anthropogenic 
 CO2 capture as previously described. At the same time, it 
is also necessary to consider how to manage the  CO2 after 
capturing because carbon capture, utilization, and storage 
(CCUS) is a continuous process. The m-DAC process can 
produce the  CO2 streams with different gas compositions 
after separation, depending on the future use. In contrast, 
the absorbent-based process only offers highly pure  CO2 gas 
(more than 90% in general). As described above, the required 
membrane performance largely depends on the subsequent 
process and demands. In general, there are three major routes 
to treat captured  CO2 after DAC, as summarized in Figure 3. 
The membrane systems’ versatility allows the design of the 
membrane process for DAC, considering the subsequent  CO2 
treatment after capture.

Utilization of  CO2

Direct use of  CO2
In this case, captured  CO2 is used without any conversion. 
 CO2 is often used for welding, dry ice, soda, and so on, and 
high  CO2 concentration is generally preferred. However, low 
concentrations of  CO2 gas are sometimes effective as well. 
One example is  CO2 supplementation on vegetable farm-
ing in greenhouses. The  CO2 concentration in the supply 
gas is not high, only in the range of a few thousand ppm. 
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Figure 2.  Influence of  CO2 content in a surrounding atmosphere (feed gas) on (a) the  CO2 concentration in the product gas 
at each separation step, (b) the energy required to capture 1 kg of  CO2 per day (blue circles), and relative contribution of 
each stage in total energy (grayscale circles) of the four-stage membrane separation system. Membrane properties used 
in simulation assumed the permeance of  CO2 of 10,000 GPU, selectivity toward other gases in the system of 40, permeate 
pressures of 2 kPa used at each separation stage resulting in the feed to the permeate pressure ratios of ~55.
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This concentration may be easily achievable by a single step 
of the m-DAC process. In this case, the m-DAC process is 
advantageous because it can continuously supply an enriched 
 CO2 stream without post-treatment after  CO2 capture as in 
the absorbent-based process. In same context,  CO2 supply to 
microalgae cultures would be effective to enrich the produc-
tion of biomass and biofuels.

CO2 recycling
CO2 can be considered as a useful carbon source alterna-
tively to fossil resources.  CO2 conversion to value-added 
compounds, including fuel, commodity chemicals, and other 
carbon-based compounds plays an important role for  CO2 
recycling. Generally, a highly pure  CO2 stream is preferred 
to convert it chemically because high concentration  CO2 
enhances reactivity and efficiency of the conversion reaction. 
But production of highly pure  CO2 gas is often energy-inten-
sive. In terms of the total amount of energy used from  CO2 
capture to conversion, in some cases, chemical conversion 
using low concentrations of  CO2 can also be effective, when 
conversion reaction proceeds effectively. For example, there 
are some reports on the chemical conversion of  CO2 by using 
low-concentration  CO2.11–13 Very recently,  CO2 conversion to 
 CH4 with low  CO2 concentration gas (100–400 ppm) was suc-
cessfully achieved, though it requires rather high temperature 
and pressurized condition.

CO2 storage
DAC-combined with  CO2 storage (DACCS) is also important 
to reduce  CO2 concentration in the air permanently. Gener-
ally, geological storage of  CO2 requires highly pure  CO2 gas 
(more than 98%). Although m-DAC produces relatively low-
purity  CO2, the other gaseous components (mainly nitrogen 
and oxygen) are not hazardous. There may be an opportunity 
to inject low concentrations of  CO2 into the subsurface, if the 
cost is acceptable. This is because the ubiquity of the atmo-
sphere allows for  CO2 capture and storage at remote sites such 

as deserts and ocean platforms in order to reduce the cost of 
transporting the captured  CO2 and to ensure social acceptabil-
ity of  CO2 storage. We previously evaluated geological storage 
of the low-purity  CO2 captured via m-DAC technology by 
calculating the density of  CO2–N2–O2 mixtures via molecular 
dynamics simulation and evaluated the cost of the low-purity 
 CO2 storage.14 Our evaluation suggests that the storage of 
low-purity  CO2 in geological formations is environmentally 
acceptable and economically viable, although it needs to be 
stored in a slightly deeper place than high-purity  CO2.

Overall, it is clear that a high concentration of  CO2 gas is 
not always necessary for  CO2 conversion and storage from the 
previous considerations. Thus, there are many routes to utilize 
and process the gas from m-DAC, which has a relatively low 
 CO2 concentration compared to capture using an adsorbent.

It is important to emphasize that m-DAC is not the only 
approach, but is a complementary technology to conventional 
sorbent-based DAC. Sorbent-based DAC technologies can 
process a large amount of the air efficiently, though the instal-
lation site and size may be limited. The m-DAC can handle 
relatively small amounts of air, but due to the nature of the 
technology, it can be installed in large numbers, in a variety 
of locations. Thus, m-DAC opens new opportunities and con-
cepts to capture  CO2 from the air, “CO2 capture anywhere 
(ubiquitous  CO2 capture),” when conventional DAC is hardly 
applicable.

Membrane design for DAC
Gas permeance
m-DAC requires high membrane performances, mainly on gas 
permeance and selectivity. Gas permeance of a membrane is 
generally inversely proportional to a membrane thickness. 
Therefore, the simplest approach to enhance gas flux through a 
membrane is a thinning of membrane.15 But, open space at the 
permeate side is necessary to release gas after membrane per-
meation. Therefore, the membrane should be self-sustaining, 
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Figure 3.  General flow of carbon capture, utilization, and storage (CCUS).



DIREct AIR cAPtURE by MEMbRAnEs

420        MRS BULLETIN • VOLUME 47 • APRIL 2022 • mrs.org/bulletin

maintaining its own structure over the open pores on the sup-
port layer surface.

To avoid membrane breakage during membrane fab-
rication and gas separation, support films with smaller 
openings (less than 10 nm) are often used when the thick-
ness of the membrane is thinner than the submicron scale. 
A gutter layer composed of highly gas-permeable materials 
such as poly[(1-trimethylsilyl)-1-propyne] (PTMSP)16 and 
poly(dimethylsiloxane) (PDMS)17 are often deposited onto a 
porous support for the formation of gas selective layers on it.18, 

19 However, when the membrane material is coated directly on 
the porous substrate, polymeric materials inevitably penetrate 
into the open pores on the support surface, making it impos-
sible to form a layer with a uniform thickness. Essentially, 
when the film thickness is identical, the permeability and 
selectivity should be the same (when the same support film is 
used). However, even if the PDMS layer fabricated directly on 
the support has the same reported thickness values, there are 
variations in the film performance. This is probably because 
the thickness of the entire film is not uniform, despite being 
locally the same (see the supporting information in Reference 
8). The fabrication of thin membranes with stable  CO2 per-
meation is still a central issue in membrane fabrication.

We have already reported the fabrication of free-standing 
nanomembranes with planar dimensions sufficiently large 
compared to the membrane thickness.20 In this case, a mem-
brane transfer approach was employed. In detail, the gas sepa-
ration membrane is first prepared on a sacrificial layer on a 
solid substrate by spin-coating. By dissolving the sacrificial 
layer, the membrane can be delaminated from the substrate, 
placed on the appropriate porous support and used practically 
for the gas separation (Figure 4). Despite the thickness in 
nanoscale range membrane can be free-standing with only 
perimeter support as shown in Figure 5. 

This method allows for precise and reproducible control of 
the thickness of the membrane. Based on this approach, free-
standing nanomembranes of poly(dimethylsiloxane) (PDMS) 
with controlled thickness were fabricated and transferred 
onto a porous support, and their gas permeability was investi-
gated.19 A nanomembrane with a thickness of as thin as 34 nm 
was successfully prepared. The  CO2/N2 selectivity of this film 
was about 11, which was almost identical to that of the thick 
film. In other words, despite the thickness of 34 nm, there 
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Figure 4.  Schematic illustration of preparation of a free-standing nanomembrane.

Figure 5.  Free-standing nanomembrane of poly(dimethylsiloxane) 
(thickness: ca. 180 nm).
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were no defects leading to a gas leak. The  CO2 permeance 
of this nanomembrane showed a very high value of ~40,000 
GPU reproducibly. This is the world’s highest  CO2 permeance 
reported so far and exceeded the  CO2 permeance required for 
membrane-based DAC as discussed previously. In addition, 
the PDMS membrane with a thickness of 150 nm captured 
25% of  CO2 from 1000 ppm  CO2 feed mixed with  N2. Thus, 
making the membrane thinner is an effective approach to 
increasing gas permeance. However, simple thinning is not 
sufficient for gas separation membranes because they need 
to have the mechanical strength to maintain the membrane 
structure even under the pressure difference between the per-
meation side and the supply side in order to permeate the gas. 
For this purpose, incorporation of nanofillers is effective to 
enhance mechanical strength of nanomembranes and there 
have been some report to prepare free-standing nanomem-
branes with the use of nanofiller components.21–23

Gas selectivity
As shown in Figure 6, the permeability of  CO2 decreased 
as the thickness decreased below a few hundred nm.20 The 
arrangement and size of the pore apertures on the porous sup-
port surface and the ratio of membrane thickness to the pore 
size also affect the gas permeation behavior.24 However, one 
cannot conclude that these are all the reasons for reducing gas 
permeability. The  CO2 permeance against thickness composes 
of two relationships with the transition region at 100–1000-nm 
thickness. In the thickness region of micron scale (region 1 in 
Figure 6), similar permeability was almost constant of about 
3500 in the barrer unit (1 barrer = 7.5 ×  10–12  m3 m  m−2  s−1 
 Pa−1) that agrees with previously reported values for a PDMS 
membrane of 1-μm thickness.25, 26 In contrast,  CO2 permeabil-
ity decreases as the film thickness decreases in the submicron 
region (region 2 in Figure 6). Obviously, the gas permeation 
process follows two different mechanisms.

It has been accepted that gas permeability (P) in non-
porous membranes is explained by the solution-diffusion 
model expressed in Equation 1.

where S and D are the solubility and diffusivity of gas, respec-
tively. Based on this model, the whole membrane part is 
assumed to be uniform and is characterized by parameters of 
D and S. Constant gas permeability in the 1–10-μm-thickness 
region means that gas diffusion in a membrane governs 
gas permeance performance because the permeation rate is 
inversely proportional to a membrane thickness. On the other 
hand, a different relation holds between permeability and 
thickness in the nanometer region. The diffusion distance 
within the membrane interiors becomes small in the thinner 
membranes, and the influence of the diffusion process on the 
permeation kinetics may be less. In such a thickness region, 
the total permeation process appears to be largely governed 
by the kinetics of the solubilization process. In addition, the 
constant selectivity value observed for different membrane 
thicknesses suggests that the gas selectivity is not affected by 
the diffusion process in the membrane interior. Therefore, we 
conclude that the kinetics of permeation is different between 
the two parts of the membrane, the interior and the interface. 
The sorption/desorption rate of a  CO2 molecule at the inter-
facial area is apparently independent from membrane thick-
ness, therefore the migration of  CO2 gas across the very thin 
membrane is largely determined in this sorption/desorption 
step at the membrane interface. When the membrane becomes 
thick, beyond one micrometer, gas diffusion in the membrane 
interior mostly governs the permeation rate. Further support-
ing, the  CO2/N2 selectivity is independent of the membrane 
thickness for the whole thickness range. This result is justified 
by assuming that the gas selection proceeds only at the interfa-
cial area. The membrane interior appears not influential for gas 
separation. This interpretation suggests the molecular design 
of a membrane surface plays an important role to determine 
the gas selectivity. Based on this idea, we prepared PDMS 
nanomembranes coated with a thin layer (2–20-nm thick) of 
a block copolymer (Pebax-1657) containing  CO2-selective 
poly(ethylene glycol) chains.27 As a result, it was found that 
the introduction of the Pebax-PDMS interfacial layer with only 
a few nanometers thickness dramatically improves the  CO2/N2 
selectivity to about 70, although the gas permeance decreases. 
In this case, pretreatment of PDMS nanomembranes by oxy-
gen plasma results in the reduction of gas permeance because 
a thin layer of oxide PDMS (i.e.,  SiO2) is formed on the PDMS 
layer for uniform coating of hydrophilic block copolymers. 
Thus, mild and thin modification of the nanomembrane sur-
face will be the next challenge to develop a highly permeable 
and selective  CO2 separation nanomembrane for m-DAC use.

In particular, it should be emphasized that  CO2/O2 sepa-
ration becomes important when the captured  CO2 is used in 
chemical conversion processes, because oxygen prevents the 
efficient reduction of  CO2.28 To our best knowledge,  CO2/
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O2 separation by a membrane has rarely been addressed in 
the literature. All of  CO2 capture technologies, including this 
m-DAC process, should be combined with successive pro-
cesses to manage captured  CO2. Chemical conversion is one 
of the major process to circulate  CO2 as carbon source. There-
fore, the product gas from the m-DAC system should not only 
achieve relevant concentration of  CO2, but also significantly 
reduced concentrations of  O2, which puts the requirement of 
high  CO2/O2 selectivity, in addition to  CO2/N2 selectivity, 
though such a separation situation has never been considered.

In summary, considering the material aspect, first, mem-
branes for DAC require high gas permeance, not permeabil-
ity. Higher permeance allows the development of size-feasible 
membranes for DAC. Second,  CO2 selectivities play a very 
important role, as described earlier.5, 6 The upper bound limita-
tion for organic polymers implies limited space to simultane-
ously explore membrane materials that satisfy both require-
ments.15 Therefore, membrane structure should be considered 
well. The thin-film composite membrane approach is one 
direction to seek better membranes for DAC, because ultrathin 
gas selective layers are separately designed on a highly gas-
permeable gutter layer. This approach may provide a qualita-
tively new, rational way to explore new membrane materials 
for enhancing membrane performance.

Conclusion
Membrane-based DAC is an important addition to the portfolio 
of methods aimed to realize ubiquitous  CO2 capture as well 
as solar power generation. To achieve this, the gas selectivity 
of the separation nanomembranes must be improved without 
decreasing  CO2 permeances. If such membranes are developed, 
they can be assembled in DAC units and combined with a  CO2 
conversion system. This combined system can produce value-
added carbon compounds by using renewable electricity and 
hydrogen from water electrolysis. These small systems would 
contribute to the establishment of a carbon-neutral society 
where carbon materials are produced on-site and consumed 
locally. Also, if low-purity  CO2 can be safely contained under-
ground, it can lead to the construction of a beyond zero-carbon 
society, further advancing the goal of net-zero  CO2 emissions.
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