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A systematic study of CO, capture on the amine-impregnated solid adsorbents is carried out at CO, concentrations in
the range of 400-5000 ppm, relating to the direct CO, capture from atmospheric air. The commercially available
polymethacrylate-based HP2MGL and polyethylenimine are screened to be the suitable support and amine, respectively,
for preparation of the adsorbent. The adsorbents exhibit an excellent saturation adsorption capacity of 1.96 mmol/g for
400 ppm CO; and 2.13 mmollg for 5000 ppm CO,. Moisture plays a promoting effect on CO, adsorption but depends
on the relative humidity. The presence of O, would lead to the decrease of adsorption capacity but do not affect the
cyclic performance. The diffusion additive is efficient to improve the adsorption capacity and cyclic performance. More-
over, the adsorbents can be easily regenerated under a mild temperature. This study may have a positive impact on the
design of high-performance adsorbents for CO» capture from ambient air. © 2014 American Institute of Chemical Engi-

neers AIChE J, 61: 972-980, 2015
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Introduction

Extensive consumption of fossil fuels in modern industrial
society has caused a sharp growth of anthropogenic CO,
emission from 280 to over 390 ppm, which is considered to
be a primary factor in global climate change.' CO, capture
from concentrated industrial sources such as exhaust gases
of coal burning power plants, cement or aluminum factories,
and fermentation plants has gained a lot of attention and has
been well described in recent publications.>”’ Although
about half of the anthropogenic CO, emissions are the result
of large industrial sources such as power plants and cement
factories, the other half originate from small distributed sour-
ces such as cars, home heating, and cooking.g’9 For those,
CO, capture at the emission source is not practical and eco-
nomical. A possible pathway to deal with these emissions is
to capture CO, directly from air, called direct air capture
(DAC), which was first proposed by Lackner et al. in
1999.'° In the long term, DAC may become indispensable
for stabilizing the global CO, concentration due to the flexi-
bility of the needed infrastructure, which can be placed
anywhere.

In addition, efficient and cost-effective removal of low-
concentration CO, is of great importance in various applica-
tions pertaining to energy, environment, and health. From an
industrial perspective, the removal of low-concentration CO,
from air is a growing area of research and development due
to its substantial importance for prepurification of air and
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particularly when atmospheric air is used during the separa-
tion of nitrogen and oxygen.'' Furthermore, in personal con-
fined spaces such as submarines and aerospace shuttles, it
has a common requirement to remove CO, created by the
metabolic processes of the crew. The CO, concentration in
such closed spaces is typically below 5000 ppm.'*™'> More-
over, efficient CO, removal is also critical in mining and
rescue missions,'® diving and most importantly in medical
applications such as anesthesia machines.!” The use of anes-
thesia machines is still a growing clinical trend worldwide,
driven by the need to reduce cost and improve patient care
via the use of efficient CO, adsorbents. Evidently, there is a
pressing need to develop novel adsorbents that can
adequately address the growing interest in low CO, concen-
tration removal applications.

For trace or low CO, concentration removal, a potential
adsorbent should combine cost effeiency, optimum uptake,
kinetics, energetics, and CO, selectivity at trace CO, concen-
tration in the presence of humidity. Many classical CO, sep-
aration processes such as chemical absorbent, cryogenic
distillation, and membrane separation are not expected to be
economically favorable. The well-studied approaches utilize
metal hydroxides or oxides (Ca, Na, etc.) and their conver-
sion into metal carbonates, either in solution or as solids. In
general, the regeneration of the carbonate into the original
oxide or hydroxide has proven to be quite energy intensive,
resulting in high projected energy use and process costs. 8722
Conversely, physical adsorbents, such as zeolite molecular
sieves and activated carbons, can reversibly trap CO, by
either ion—quadrupole interaction or van der Waals force.
The main drawbacks are the quite low heat of adsorption for
these materials, leading to shallow adsorption isotherms with
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low adsorption capacities at ultralow pressures. In addition,
the presence of water will detrimentally affect the selectivity
for CO,.2>

In recent years, intensive research has focused on the tech-
nologies for adsorbing traces of CO, using a variety of solid
amine adsorbents. The solid amine adsorbents based on pri-
mary, secondary, or tertiary amines operate near ambient
conditions, are tolerant to water vapor and can be regener-
ated by mild temperature swings.z’4 There are three classes
of such adsorbent materials: (1) amines covalently bound to
the support via the use of grafting chemistry, (2) polymer
amines physically impregnated into the support by a “wet
impregnation” method, and (3) in situ polymerization of
reactive amine monomers on and in the silica support.26 A
variety of solid amine adsorbents have been proposed to take
into account their support structure and composition, the
type of amine and adsorption capacity. The supports are
widely screened including silica materials,”’ microporous
metal-organic framework,‘%’37 carbon nanotubes,‘%g’39
PMMA-based resins,15’40 mesoporous carbon,‘“’42 mesopo-
rous alumina,43 and nanofibrillated cellulose.***> The amines
generally contain primary or secondary alkylamines and
alkanolamines, such as polyethylenimine (PEI),**™® tetrae-
thylenepentamine (TEPA),**~>! and 3-aminopropyltrimethox-
ysilane.”? Futhermore, hyperbranched aminosilicas prepared
by in situ aziridine polymerization on porous solids have
been reported as adsorbents for CO, capture from the
air. 4 Although some valuable progress has been made in
CO, capture from the ambient air recently, most of the dis-
cussion has been based on advancing the support or the
amine rather than on a systematic investigation of the pro-
cess based on kinetic and thermodynamic CO, adsorption/
desorption process. Moreover, for the design of DAC sys-
tems featuring such solid amine adsorbents, detail under-
standing of the multiple-component adsorption containing
N,, O,, CO,, and H,0 is crucial because of the humid and
O,-containing air.

The objective of this work was to systematically study the
direct low-concentration CO, adsorption behavior of the
solid amine adsorbents. The effects of the supports, the types
of amines, and loading amount of amine on the CO, adsorp-
tion capacity were examined to screen the optimized adsorb-
ents. Several macroporous resin supports and polymer
amines were selected for the initial studies, and the best per-
forming candidates were further characterized. The CO, con-
centration was investigated to ascertain how the CO,
concentration affected the steady-state CO, adsorption
capacity. The desorption behavior was also assessed to build
a proper regeneration strategy for dynamic adsorption using
fixed-bed columns. Special investigations were focused on
the influence of moisture and oxygen in the inlet air on the
CO, adsorption capacity of the solid amine adsorbents. All
materials used in our study are commercially available and
the preparation is straightforward, which provide a great
potential for trace and low CO, concentration removal in
general and DAC application in particular.

Experimental
Materials

PEI used in this study was purchased from Aldrich with
an average molecular weight of 600 g»molfl. Low molecule
amines, including diethanolamine (DEA), diethylenetriamine
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(DETA) and TEPA, and PEI with molecular weight of 1800
and 10,000 g-mol™' purchased from Sigma-Aldrich Com-
pany were used to investigate the effect of amines on the
CO, adsorption capacity. Five commercial resins, including
HP2MGL, SP700, SP835L, D4020, and D3520 purchased
from Sigma-Aldrich Company were used to screen the suita-
ble support. The resins were first sieved to collect the frac-
tion in the range of 35-60 mesh (0.25-0.43 mm) and then
dried at 100°C for 12 h until no weight loss observed to
remove the adsorbed water. Three additives, including cetyl-
trimethylammonium bromide (CTAB, Aldrich), sorbitan
monooleate (Span80, Sinopharm), and polyethylene glycol
(PEG, Aldrich) were used to investigate the promotional per-
formance of the adsorbents.

The adsorbents were prepared by a wet impregnation
method.” In a typical preparation, the desired amounts of
PEI (Mw = 600) were dissolved in 10 g of methanol at 40°C
under stirring for 30 min, and then 2 g of the support was
added to the above solution and further stirred for 8 h. The
slurry was then dried with continuous stirring at 40°C to
remove methanol. Then, the adsorbents were dried at 80°C
for 12 h under vacuum conditions. The as-prepared adsorb-
ent was denoted as M-a, where M represents the type of
resin and a represents the weight percentage of amine in the
adsorbent. In addition, to overcome the limitation of the
kinetic diffusion, diffusion additives were used, and the sam-
ples obtained were denoted as M-R-a-b, where R represents
the type of additive and b represents the weight percentage
of additive in the adsorbent (PEI + additive + support).

Characterization of the adsorbents

Nitrogen adsorption/desorption isotherms were measured
at 77 K with a Quadrasorb SI analyzer. Before the measure-
ments, the samples were degassed in vacuum at 100°C for
12 h. The Brunauer-Emmett-Teller (BET) method was uti-
lized to calculate the specific surface area. The pore size dis-
tributions were derived from desorption branch using the
Barrett—Joyne—Halenda model. The morphologies of the
samples were observed by scanning electron microscopy
(FEI, Qunta 300).

CO, capture measurement

CO, Adsorption from Pure CO,. CO, adsorption from
pure CO, at 0.1 MPa under dry conditions was performed on
a TA Instruments Q600 TGA thermogravimetric analyzer.
Pure CO, (99.99%) was used for the adsorption runs, and
purity Ny (99.999%) was used as a purging gas for CO,
desorption. In a typical process, about 10 mg of the adsorb-
ent was placed in a platinum sample pan. Before the adsorp-
tion test, the adsorbents were pretreated at 100°C under a N,
flow at 50 mL-min~' for 100 min to remove the moisture
and adsorbed CO, as much as possible; then the temperature
was decreased to the design temperature. The gas was then
switched from N, to CO, (50 mL-min '), and the adsorbent
was held at that temperature for 100 min for the adsorption
study. The CO, capture capacity of the adsorbent in
mmol-g~' was calculated from the weight gain of the
adsorbent in the adsorption process.

CO, Dynamic Adsorption Capacity. The dynamic CO,
adsorption performance from gas mixtures with different
CO, concentrations on the adsorbents was conducted in a
fixed-bed adsorber operated at a specified temperature. In a
typical adsorption process, about 1 g of the adsorbent was
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packed in the middle of the adsorber supported with quartz
wool. Before the adsorption test, the adsorbent was treated
under a N, flow of 50 mL/min for 100 min, and then the dry
or moist CO, (99.99%)/N, (99.995%) gas mixture with a
certain CO, mole fraction was introduced through the tube
at a flow rate of 50 mL/min. The flow rate of the gas was
controlled by electronic flow control instrument. Therein, the
N, flow was controlled by two electronic mass flow control-
lers. One of the N, streams was passed through a bubbler-
type humidifier contained in a water bath at constant temper-
ature and mixed with the dry gas stream. The relative
humidity (RH) of the gas was, thus, controlled by adjusting
the ratio of the two streams. RH was measured upstream and
downstream of the reactor with electronic sensor. The CO,
concentration in the influent and effluent gas streams was
analyzed at regular intervals, using a gas chromatogram (Shi-
madzu GC-2014) equipped with a thermal conductivity
detector. The adsorption capacity of the adsorbent was calcu-
lated by integration of the area above the breakthrough curve
and from the CO, concentration in the inlet gas, flow rate,
adsorption time, and mass of the adsorbent.>> Q, represents
the saturation adsorption capacity calculated at the saturation
time when the outlet concentration is equal to the inlet con-
centration, while Q, represents the breakthrough adsorption
capacity calculated at the breakthrough time when the outlet
concentrations are 5% of the inlet concentration. The effect
of O, was performed using the feed gas with O, concentra-
tion of 20.5%. A void space correction was applied for each
measurement, in which the breakthrough curve within the
system on the valve change and the analyzed change was
measured. This correction was derived from separate experi-
ment in which an inert support with an equivalent bulk den-
sity to the adsorbent was placed within the fixed bed. The
obtained void space adsorption capacity calculated from the
breakthrough curve was deducted from the measured adsorp-
tion capacity from the dynamic CO, adsorption experiment
to achieve the CO, adsorption capacity. For the CO, desorp-
tion, the sample was rapidly heated up to a specified desorp-
tion temperature under a N, flow of 50 mL/min in the fixed
bed, followed by holding at the desorption temperature for
120 min. The desorption profiles were gained by analyzing
the effluent gas streams using the gas chromatogram at regu-
lar intervals. The desorption capacity of the adsorbents were
calculated by integration of the area under the desorption
profiles and from the flow rate and mass of the adsorbent.
The adsorption—desorption cycles were repeated five times to
trace the changes of the adsorption capacities.

Results and Discussion
Screening of the supports for the solid amine adsorbents

Macroporous adsorptive resins are commonly used adsorp-
tion materials with spherical shape and thermal stability
which can be directly used in the fixed bed without any
shaping process. Especially, owing to the unique and devel-
oped porous structure, the polymer amine could be dispersed
into the open framework of the resin at nanoscale dimen-
sions, affording a high gas/amine interfacial area. To screen
a suitable support for the CO, adsorbents, five commercially
available resins derived from two different monomers (poly-
methacrylate: HP2MGL; polystyrene: D4020, D3520,
SP835L, and SP700) were studied. As shown in Table 1, all
the resins have total pore volume in the range of 1.2—
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Table 1. Structural Parameters of the Resin Supports and
Their PEI-Impregnated Adsorbents

Samples Sper” (cm?/g) Ve (em?/g) D, (nm)
HP2MGL 607.0 1.37 23.6
HP2MGL-50 344 0.15 24.8
D4020 399.4 1.30 26.9
D4020-50 32.0 0.19 28.4
D3520 459.4 1.38 27.4
D3520-50 49.5 0.28 29.1
SP835L 1000.5 1.49 12.4
SP835L-50 15.2 0.04 11.2
SP700 1011.8 1.51 13.2
SP700-50 21.8 0.09 119

“BET surface area.
"Total pore volume.
“BJH desorption average pore diameter.

1.5 cm®g~ ! for amine loading (here, we used PEI as the ref-
erenced polymer amine). After 50 wt. % amine loading, the
porosity decreases greatly as a result of a large number of
amine molecules filling the pores, however, the adsorbents
still maintain a certain amount of porosity and interfacial
area, being favorable for CO, kinetic diffusion and adsorp-
tion. Notably, although SP835L and SP700 have relatively
high pore volume and BET surface area, their amine-
impregnated derivatives show much low pore volume and
surface area. This should be due to the relatively small pore
diameter for SP835L and SP700, causing some pore block-
ages during amine impregnation.

The adsorption capacities of these adsorbents were pre-
liminarily evaluated using TGA at different temperatures. As
shown in Figure 1, the temperature-relevant adsorption
capacities of the adsorbents are obviously dependent on the
residual porosity of the adsorbents. At a low temperature, to
overcome the kinetic resistance for CO, diffusion is a pre-
requisite for effective CO, adsorption. Thus, holding certain
gas/sorbent interfacial area, the adsorbents such as
HP2MGL, D4020, and D3520 have a high adsorption
capacity at a low temperature, which favors for the ambient
adsorption and the regeneration by mild temperature swings.
In the case of SP835L and SP700 with low residual pore
volume and surface area, the CO, adsorption is a kinetic
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Figure 1. Pure CO, adsorption capacity of different
supports loaded with 50 wt. % PEI.

The data were from TGA with pure CO, gas at 25°C
and 0.1 MPa.
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Capacity (mmol-CO_/g-adsorbent)

Figure 2. Pure CO, adsorption capacity of adsorbents
loaded with 50 wt. % different amines.

The data were from TGA with pure CO, gas at 25°C
and 0.1 MPa.

control process which could be facilitated at a higher tem-
perature. Therefore, the adsorption capacity increases with
the increasing temperature, contrary to the other three sup-
ports. Among these supports, HP2MGL-based adsorbents
exhibit the largest CO, adsorption capacities, making them
the best candidate.

Effect of amines on CO, adsorption

The type of the amines was further screened via TG anal-
ysis at 25°C using HP2MGL as support. As presented in Fig-
ure 2, the PEI with an average molecular weight of 600
shows the highest adsorption capacity compared to the low
molecule amines such as DEA, DETA and TEPA, and high-
molecular-weight PEI. The PEI with higher polymerization
degree should have large steric hindrance and low fluidity,
restraining the internal diffusion of CO, and lowering the
amine utilization. Conversely, HP2MGL impregnated with
low molecule amines (DEA, DETA, and TEPA) have rela-
tively low CO, adsorption capacities owing to the weak
interaction between the amines and CO, or the weak thermo-
dynamic stability of amines.

Effect of the PEI loading on CO; adsorption

After the best performing support and amine were
screened, the PEI loading amount was optimized to achieve
high performance of the HP2MGL-PEI adsorbents. Before
testing the adsorption capacity, the porosity of the adsorbents
with different PEI contents were investigated by N, adsorp-
tion and summarized in Table 2. Obviously, the increase of
the PEI loading could occupy more mesoporous channels of
the support, leading to the decrease of the surface area and
pore volume of the adsorbents. Although PEI loading is up
to 65 wt. %, no porosity is detected, indicating the complete
filling of the mesoporous channels. The CO, adsorption
capacities at 25°C of these adsorbents were examined by
TGA, and the results are shown in Figure 3. The support
alone has negligible CO, adsorption capacity of ~0.1
mmol-g '. With the increase of PEI loading, the adsorption
capacity gradually increases and achieves a maximum of
4.05 mmol-g~" with an amine utilization of 69% for 50 wt.
% PEI loading. With further increase of PEI loading, the
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Table 2. Structural Parameters of the Support and the PEI-
Impregnated Solid Adsorbents

Samples Sper” (cm?/g) Ve (em?/g) D, (nm)
HP2MGL 607.0 1.37 23.6
HP2MGL-30 94.6 0.70 27.1
HP2MGL-40 50.1 0.46 28.6
HP2MGL-50 24.4 0.15 24.8
HP2MGL-60 10.3 0.02 28.5
HP2MGL-65 - - -

“BET surface area.
"Total pore volume.
°BJH desorption average pore diameter.

adsorption capacity greatly decreases due to the clog of the
mesoporous channel, and thus, resisting the further inner dif-
fusion of CO, in the PEI films. Many studies have concen-
trated on the removal of CO, at the ambient temperature.
Zelendk et al.”® demonstrated that support with large pores
had a high CO, adsorption capacity while three-dimensional
accessibility of amine sites inside the pores resulted in faster
CO, adsorption. Heydari-Gorji et al.®® reported that at low
temperature, adsorbents with relatively low PEI contents
were more efficient than their highly loaded counterparts
because of the increased adsorption rate. Some typical PEI-
modified materials used for CO, adsorption at ambient tem-
perature reported in the literatures to date are summarized in
Table 3. Under similar conditions, HP2MGL-50 could pro-
vide higher adsorption capacity and amine efficient than
other PEI-modified adsorbents reported.

Effect of CO, concentration on adsorption breakthrough
behavior

The breakthrough adsorption behavior is important charac-
teristic to assess the kinetic performance of adsorbents for
CO; capture in terms of working capacity. The breakthrough
adsorption performance was carried out in the fixed-bed sys-
tem which has a simple structure to realize the flexibility of
the needed infrastructure for the DAC. Figure 4a shows the
CO, adsorption breakthrough curves, which were investi-
gated experimentally in the CO, concentration ranges from
400 ppm to 15% (binary CO,/N, mixture). Once the
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Figure 3. Effect of PEI loading on the pure CO, adsorp-
tion performance (column) and utilization
ratio of the amine (line and symbol) for the
PEIl-impregnated solid amine adsorbents.

The data were from TGA with pure CO, gas at 25°C

and 0.1 MPa. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Table 3. Comparison of HP2MGL-50 with Other PEI-Modified Adsorbents

Porous Material T (°C) CO, Adsorbed Amount (mmol/g) Amine Efficiency (%) Ref
HP2MGL 25 4.05 69.8 This work
MCM-41 25 0.75 12.9 57
Carbon black 25 1.45 25.0 58
PMCM-41 25 1.70 26.6 48
SBA-15 25 2.55 39.9 59
MCF 30 3.39 48.7 60
HMS 30 3.23 50.6 61

adsorbents are exposed to the CO, containing stream, CO, is
completely adsorbed by the adsorbent and the CO, concen-
tration is below the detection limit of the gas chromatogra-
phy. After that, CO, begins to break through and is detected
in the effluent gas. This breakthrough process is mainly a
result of CO, diffusion resistance through the PEI films ori-
ginated from the formation of salt bridges or hydrogen
bonded networks of amine-CO, zwitterions.®**> The break-
through curves obtained at a low CO, concentration (400
and 5000 ppm) show a much longer time with undetectable
CO, effluent before breakthrough. The breakthrough and sat-

104 (a)
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o 0.6-
o
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0.0 1 2 3
Adsorption time (h)
0 5 10 15 20 25 30
Adsorption time (h)
4.0

(b) eAq,

3.5+
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Figure 4. Breakthrough adsorption curves (a) and
adsorption capacity (b) on HP2MGL-50 with
different CO, concentrations in N..

The data were from fixed-bed adsorber with different
CO; concentrations in N, at 25°C and 0.1 MPa. [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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uration adsorption capacities at dynamic conditions of the
adsorbents were calculated and shown in Figure 4b. The
adsorption capacities gradually decrease with CO, concentra-
tion decreasing. At a low CO, concentration of 5000 ppm,
the adsorbent HP2MGL-50 delivers a high breakthrough
capacity of 1.63 mmol/g and a saturation adsorption capacity
of 2.13 mmol/g. Even at the trace CO, concentration of 400
ppm, the adsorbents exhibits an impressive breakthrough
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Figure 5. Adsorption capacity and breakthrough
adsorption curve (inset) of HP2MGL-50
under different moistures with 400 ppm
(a) and 5000 ppm (b) CO, in N,.

The data were from fixed-bed adsorber with CO, con-
centrations of 400 and 5000 ppm in N, at 25°C and

0.1 MPa. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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capacity of 1.44 mmol/g, 75% of the saturation adsorption
capacity (1.96 mmol/g). The high breakthrough capacity
highlights the potential of these adsorbents for low CO, con-
centration applications.

Effect of moisture on CO; adsorption

The presence of moisture is inevitable in the ambient air,
which would affect the CO, adsorption performance. Here, a
series of breakthrough experiments were studied using 400
and 5000 ppm CO,/N, gas mixtures in dry condition as well
as with various RH at room temperature (25°C and 0.1
MPa). As shown in Figure 5, when moist gas mixtures are
used, the CO, breakthrough time increases in contrast to dry
gas mixture, revealing that moisture has a positive effect on
the adsorption of CO, over the adsorbents. At CO, concen-
tration of 400 ppm, the saturation adsorption capacity is
improved to a maximum of 3.16 mmol/g at a RH of 10%.
At 5000 ppm CO,, the saturation adsorption capacity exhib-
its a maximum of 3.74 mmol/g while the RH is 40%. In the
previous report,”® the moisture was found to play a promot-
ing effect on the adsorption of high-concentration CO, over
the solid amine adsorbents due to its proton transfer function
in the reaction of CO, and amine groups. In the case of trace
or low-concentration CO, removal, it also plays a promoting
effect but is more sensitive that depends on the RH, which is
distinct from the results reported by Steinfeld and
coworkers.*> This should be ascribed to the competitive
adsorption between CO, and H,O at the same adsorption
sites. Thus, the moisture should be appropriately controlled
to optimize low-concentration CO, capture for DAC
applications.

Effect of oxygen on cyclic adsorption behavior

Oxygen gas is the second most common component of the
atmosphere, taking up 20.8% of its volume. Moreover, oxy-
gen is one of an oxidizing agent which could oxidize the
organic polymer compounds. Therefore, it is necessary to
investigate the effect of oxygen on adsorption capacity dur-
ing the temperature swing adsorption—desorption cycles.®’~%
All the regenerations were performed at 100°C using pure
N, as a purging gas for CO, desorption. As shown in Figure
6, the saturation adsorption capacity decreases significantly
from 2.13 mmol/g for O,-free gas to 1.84 mmol/g for 20.5%
O,-containing gas in the case of 5000 ppm CO, removal.
This recession may be due to the competitive adsorption
between CO, and O, and the irreversible loss of some CO,
adsorption active sites caused by the oxidation during the
first CO, adsorption—desorption process. Furthermore, the
active sites for O, adsorption and oxidation are limited, lead-
ing to the stable CO, adsorption capacity during the next
four cycles. To verify this assumption, we designed a gas
switch experiment. Specifically, the feed gas was first used
as 5000 ppm CO,/99.5% N, and switched to 5000 ppm
CO,/79% N»/20.5% O, at the second cycle, and then
switched back to 5000 ppm C0O,/99.5% N, in the next three
cycles. Once the adsorbents are exposed in the O, containing
stream, some CO, adsorption active sites are occupied by O,
and cannot be recovered and utilized for the consequent
adsorption cycles even using O,-free stream. This result con-
firms that irreversible reactions such as the oxidation of
amine groups occur during CO,/O, coadsorption process.
The experiment analysis and mechanism study of the
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com.]

(a) 1.04 ig::-SPanao

—&— PEI-CTAB
0.8 4 —<C—PEI-PEG

o 0.64 5 & B
o % %
O 044 I T

0.2+
0.0

50% Span80 CTAB PEG
0 5 10 15 20 25 30
Adsorption Time (h)

(b)1-0-—n—PEI

—O— PEI-SPan80
—A— PEI-CTAB_

[

-

o

50% Span80 CTAB PEG
v T v T

6 8
Adsorption Time (h)

Figure 7. Effect of diffusion additives on the break-
through adsorption curve and saturated
adsorption capacity (inset) of the adsorbent
with 50 wt. % PEI and 5 wt. % diffusion addi-
tive at 400 ppm (a) and 5000 ppm CO, (b).
The data were from fixed-bed adsorber with CO, con-
centrations of 400 and 5000 ppm in N, at 25°C and 0.1

MPa. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 8. Cyclic adsorption of CO, by HP2MGL-50 and
HP2MGL-CTAB-50-5.
The solid square and open square were from fixed-bed
adsorber with a RH of 10% and 400 ppm CO,/79.5%
N,/20.5% O, at 25°C and 0.1 MPa. The solid circle and
open circle were from fixed-bed adsorber with a RH of
40% and 5000 ppm CO,/79% N,/20.5% O, at 25°C and

0.1 MPa. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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irreversible oxidation reactions on the adsorbents will be per-
formed in the near future and reported elsewhere.

Effect of diffusion additives on CO, adsorption

When the adsorbent is exposed to CO,, the reaction
between fresh amine groups and CO, could form ammonium
carbamates, hindering the CO, diffusion from the surface
into the deeper films of the amines, especially in the case of
low CO, concentration with the low-concentration gradient.
To further advance the adsorbents for low-concentration CO,
capture, we use a facilitating CO, diffusion strategy raised in
our previous contributions.®’ Three polymer surfactants
(Span80, CTAB, and PEG) were added to the PEI at a fixed
HP2MGL/PEI/surfactant weight ratio of 45/50/5. The adsorp-
tion capacities of the surfactant-promoted adsorbents exposed
to 400 and 5000 ppm CO,/N, gas mixtures at 25°C are
shown in Figure 7. As expected, all additives used in this
work could improve the CO, adsorption capacity to a certain
degree. These CO,-neutral polymer surfactants are hoped to
break the bulk amine films or their CO, adsorption product
(ammonium carbamates) from a compact entity into a dual
interpenetrating polymer composite, allowing the easy diffu-
sion of more CO, into the deeper amine films. Consequently,
the adsorbents offer an increased number of reactive sites
and higher utilization efficiency of the amine groups, leading
to an enhanced CO, adsorption capacity. Among these addi-
tives, CTAB is a most effective promoter, which exhibits the
improved saturation adsorption capacity of 9.6% and 32.6%
for CO, concentration of 400 and 5000 ppm, respectively. It
is worth noting that the improvement of 400 ppm CO, is
lower than that of 5000 ppm CO,. This may be attributed to
the low diffusion force deriving from the low-concentration
gradient at 400 ppm CO, which would weaken the positive
impact of the promoter.

CO,; adsorption with oxygen and moisture

For the direct CO, capture from the air, detail investigat-
ing of CO,, H,O, and O, adsorption—desorption is crucial.
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Figure 9. Effect of temperature on the CO, desorption
as a function of time.

Data were from fixed-bed adsorber with 5000 ppm CO,
gas for adsorption at 25°C and with pure N, gas for
desorption. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Therefore, the low-concentration CO, adsorption over the
adsorbents with or without CTAB additive was investigated
experimentally using column breakthrough tests exposed to
5000 ppm CO,/79% N»/20.5% O, with a RH of 40% and
400 ppm CO,/79.5% N,/20.5% O, with a RH of 10%,
respectively. As shown in Figure 8, due to the compromise
between the positive effect of moisture and the negative
effect of O,, the adsorbent HP2MGL-50 exhibits a relatively
high saturation adsorption capacity of 3.04 mmol/g for 5000
ppm CO, and a capacity of 2.44 mmol/g for 400 ppm CO,
with a good cycling ability. Furthermore, with the promotion
of CTAB, the adsorbent HP2MGL-CTAB-50-5 could direct
capture 3.76 and 2.63 mmol/g CO, from the 5000 and 400
ppm CO, steam, respectively. These results suggest that the
as-prepared adsorbents are robust enough to allow repeated
temperature swing cycles under humidified and O,-contain-
ing conditions and, thus, can provide a stable air capture
capacity during multiple adsorption/desorption operations.

Desorption behavior

To study the CO, desorption behavior, HP2MGL-50 was
submitted to regeneration by temperature swing under a flow
of N, after the adsorption saturation at 5000 ppm CO, flow.
Temperatures of 50, 75, and 100°C were tested for the
regeneration experiments. The CO, concentrations of the
outlet gases as a function of regeneration time are presented
in Figure 9. High temperature is apparently beneficial to the
regeneration efficiency. Only 40% CO, adsorbed could be
released at 50°C even extension of the regeneration time to
120 min. On the contrast, about 99% CO, adsorbed could be
desorbed during the first 32 min at a mild temperature of
100°C. The industrially and economically acceptable desorp-
tion technology such as steam stripping and temperature-
vacuum swing processes are currently being developed and
will be reported in a future contribution.

Conclusions

In summary, we have experimentally studied CO, capture
on the amine-impregnated resin adsorbents under conditions
relevant to the direct capture of low-concentration CO,. The
adsorbents were easily prepared from widely available and
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industrially produced resins and were able to adsorb CO,
reversibly under mild conditions in repeated adsorption/
desorption cycles. The adsorbents have an extraordinary cap-
ture capacity with CO, concentration ranging from 400 ppm
to 15% at ambient temperature. Especially, at the very low
CO, concentration of 400 ppm, they are able to remove effi-
ciently all CO, in the initial hours of the experiments and
exhibit an saturation adsorption capacity of 1.96 mmol/g.
For the adsorption of low-concentration CO,, there would be
an optimal RH to achieve the maximum adsorption capabil-
ity. A further increase in the moisture leads to a decrease in
the promotion. Oxygen could react irreversibly with the
amine groups, leading to the loss of CO, adsorption active
site and the resulting decreased adsorption capacity com-
pared with the O,-free gas. The diffusion-promoted strategy
is efficient to improve the adsorption capacity with an
enhanced saturation capacity of 9.6% and 32.6% for CO,
concentration of 400 and 5000 ppm, respectively. Moreover,
the solid amine adsorbent shows an excellent adsorption
capacity with a good regenerability for CO, capture from the
ambient air with moisture, based on the balance of positive
effect of moisture and negative effect of O,. This study
presents a detailed analysis of the CO, capture on the
amine-impregnated solid adsorbents. These materials, if
incorporated into suitable, scalable processes, would one day
be important components of practical air capture technolo-
gies including prepurification of air during the separation of
nitrogen and oxygen and trace CO, removal in personal con-
fined spaces such as submarines and aerospace shuttles.
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