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The current level of global atmospheric CO2 is about
392 ppm and rising as we continue to burn fossil fuels.[1]

There has thankfully been a significant amount of funding
directed towards research into carbon capture and sequestra-
tion (CCS) technologies with several major programs world-
wide. Most of these efforts have focused on postcombustion
capture from large single-point sources like power plants, for
several reasons including that they account for about one-
third of all global emissions (about 12 gigatons of CO2 per
year). Fortunately significant advances in this area have been
made and systems to stem the flow of CO2 are being deployed
at several locations worldwide.[2] In reality, however, remov-
ing these emissions from the equation will not reduce global
levels of CO2; it will, at best, modify the trajectory we are
currently on.

Along with these advances a smaller group of researchers
have also focused on various direct air capture (DAC)
technologies.[3] Such technologies are complimentary to flue
gas capture as they operate based on the same principles and
could be used in both scenarios. Over the years there has been
some debate regarding the costs and feasibility of removing
CO2 from air, including a detailed report by the American
Physical Society.[4] These reports have generally focused on
chemical absorption processes frequently using solutions of
sodium hydroxide or amines generally at high operational
costs.

A growing number of researchers are taking interest in
using solid sorbents for DAC, in part because these have the
potential to work at lower regeneration energies than
chemical sorbents in solutions. These adsorbents are typically
solid-supported amine materials. An initial report by Kulkar-
ni and Sholl detailing the use of such sorbents at several
potential U.S. sites indicates that it may be much more
economically favorable than previously thought with estima-
tions around $100 per ton of CO2.

[5] It is highly likely that
DAC may never compete on equal economic footing with
postcombustion capture technologies, but it certainly has
many advantages, such as proximity to storage sites, reduced

pipeline transport costs, and the possibility of addressing CO2

mitigation from all sources, that the higher price tag per ton of
CO2 may actually be attractive. DAC systems can also be
powered by renewable energy sources and/or used to
generate CO2 for productive purpose (feeding greenhouses,
or algae installations for biofuel production), thus qualifying
them as truly “carbon-negative technologies”. A key factor to
driving down the cost per ton of captured CO2 will be to
increase working capacities at ultradilute concentrations of
CO2. With the goal of increased capacities and reduced
regeneration energies in mind, several groups have inves-
tigated the effects of amine loading, composition, and altering
the silica support, with the general conclusion that a balance
of several factors must be achieved to reach optimal values.[6]

Within this avenue of research, Jones and co-workers have
also optimized a variety of materials in systematic fashion,
reaching some of the highest CO2 capacities reported to
date.[8] They recently addressed a very fundamental and
exciting, previously unexplored variable which showed extra-
ordinary enhancements in CO2 uptake capacities, material
stability, and desorption kinetics.[7] They investigated the
effects of acidity/basicity of the support by stoichiometrically
incorporating Zr ions (0–14 mol%) into the SBA-15 support
itself (Figure 1). The materials were loaded with 30 wt%

poly(ethyleneimine) (PEI), and their CO2 adsorption perfor-
mance was then tested by thermogravimetric analysis under
ambient air (400 ppm CO2) and a flue gas simulant (10 % CO2

in Ar). PEI/Zr7-SBA-15 loaded with 7 mol% Zr ions was four
times more effective than pristine PEI/SBA-15 in terms of the
loading capacity (0.19 to 0.85 mmol g�1) and amine efficiency
(0.026 to 0.10 mol CO2 per mol N) at 400 ppm CO2 (Figure 2).
Similar improvements (0.65 to 1.56 mmolg�1) were also

Figure 1. Representation of an SBA-15 support with incorporated
zirconium ions which is loaded with poly(ethyleneimine) (PEI).
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observed with simulated flue gas. Amine efficiency, the molar
ratio of CO2 adsorbed per amino group, is an important
metric in this area of research as it gives an indication of how
many amino groups in a material are accessible enough to
capture CO2. Typically these are dependent on the type of
amine and free pore volume, although other factors also play
a role. The authors conclude that this increased efficiency in
Zr-doped silicas was due to beneficial interactions between
the Zr-containing oxide surface and the amines. These
interactions are most likely the stabilization of PEI by the
Zr ions which thus limits the undesired degradation/aggrega-
tion of PEI. Shifts in FTIR spectra and increased decom-
position temperatures of the Zr-doped material compared to
SBA-15, as well as control experiments with bare Zr7-SBA-15
validated this hypothesis. The effects of amine stabilization
were also observed during cycle testing in which the Zr-
loaded materials showed only negligible losses, while the
pristine material showed adsorption capacity decreases of
34% over four cycles.

In order for any material to be considered for large-scale
DAC, it must have high working capacities and also low
regeneration energies, two values that typically scale in
opposite directions. Strong sorbent–sorbate interactions typ-
ically result in high capacities at ultradilute conditions, but
also require more energy input to release the CO2 molecules
during regeneration. The Zr-impregnated materials clearly
have improved capacities and interestingly also seem to have
favorable regeneration energies as shown by the FTIR
difference spectra. CO2 release was monitored by exposing
the Zr-loaded and pristine PEI/SBA-15 to CO2 and then
pulling vacuum over the course of one hour. The faster and

more complete release of CO2 from the Zr-doped material is
indicative of lower binding energies because more CO2 was
released under the same desorption conditions. More com-
plete release may also be a factor in the improved cyclabilty of
PEI/Zr7-SBA-15.

Reductions in capture costs will be directly correlated
with higher working capacities (particularly over multiple
cycles) and decreased regeneration energies. Long-term
thermal and chemical stability, primarily to contaminants,
and improved resistance to oxidative degradation will help
mitigate operational and maintenance costs. Improving these
factors will involve some more innovative chemistry and
complex multivariable analysis as parameters such as amine
loading, pore volume, identity of the amine and silicate
support, and now, surface composition of the support are
systematically altered. Much work still needs to be done, but
with the investigations Jones and co-workers have been
presenting over the last several years, further breakthroughs
are sure to come. There are still many significant scientific and
policy challenges to overcome for DAC to become an
economically viable technology, but can we really afford to
wait?
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Figure 2. CO2 adsorption capacities in flue gas and ambient air (solid
symbols) and amine efficiencies (open symbols) of PEI/Zr-SBA-15
materials as a function of the Zr/Si molar ratio of the support.[7]

Reprinted with permission from the American Chemical Society.
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