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ABSTRACT: Amine-based sorbents have shown exceptional CO, uptake for
direct air capture (DAC). However, amine degradation is a major issue for
this class of materials, hindering their deployment for large-scale DAC. In this
study, a comprehensive evaluation of polyethylenimine (PEI) sorbents was
conducted to understand their degradation under process-relevant environ-
ments for the DAC of CO,. A solvent-minimized silica-supported PEI-
sorbent powder synthesis method using centrifugal mixing was developed.
Unlike traditional solvent-assisted impregnated sorbent synthesis methods,
the centrifugal mixing method enabled a 94% reduction in volatile and toxic
organic solvent use in pelletized sorbent synthesis. The pelletized sorbents
exhibited CO, adsorption capacities consistent with traditional fabrication
methods for PEI-based solid sorbents (about 1 mmol/g). The pelletized e
sorbent degradation behavior was evaluated at three different regeneration

temperatures (80, 100, and 120 °C) under nitrogen (N,), ambient air (21% O,), and saturated dry and wet (75% relative humidity
(RH)) CO, environments using fixed-bed breakthrough (BT) experiments. Additionally, accelerated testing (AT) protocols that
mimic industrial DAC conditions were developed to assess the long-term stability of the PEI-silica pellets. Our results indicate that
the sorbent degrades rapidly (ca. 94% within 24 h) at 120 °C in ambient air (21% O,), demonstrating the detrimental impact of
oxygen when compared to an O,-free environment. AT performed for 100 h (equivalent to 33, 100, and 100 cycles) continuously at
80, 100, and 120 °C reveals that dry CO,-induced degradation of the PEI-silica sorbent pellets is 30—40% and 40—50% more than
the degradation measured in wet CO, and inert (pure N,) environments.
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1. INTRODUCTION

Greenhouse gas emission-led climate change is undeniably the
biggest threat to our planet. Carbon dioxide (CO,) removal via
direct air capture (DAC) can provide an impactful, engineered
approach to combat climate change."” According to the

of O, with amines, and the formation of open chain urea,
respectively, occurs at regeneration temperatures (>70 °C)."”
Several efforts have been made to improve the adsorption
performance and thermo-oxidative stability of amine-based
solid sorbents for DAC, as summarized in Table 1.

International Energy Agency (IEA), DAC is expected to
remove ca. 85 and 980 million tons (MT) of CO, by 2030 and
2050, respectively, to achieve net zero carbon emissions and
ensure a global temperature increase of less than 2 °C.
Energy-efficient DAC with a longer sorbent lifetime is needed
to achieve the U.S. Department of Energy’s (DOE) target (<
$100/ton CO,,,) while permanently storing the captured CO,
in geological formations or providing a carbon source for liquid
fuels, polymers, and chemicals in a future fossil fuel-free
world."*7*

Amine-based solid sorbents are leading sorbent materials for
DAC of CO, as these sorbents have relatively high CO, uptake
in humid environments compared to liquid sorbents and other
solid sorbents such as zeolites, metal—organic frameworks
(MOFs), and activated carbon.”>”~"® However, amines are
susceptible to oxidative and thermal degradation, greatly
hampering their industrial utility. Thermal, oxidative, and
CO,-induced degradation of the sorbent, due to the
evaporation of amines, free radical formation by the reaction
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Sayari and co-workers studied the impact of regeneration
temperature on different molecular weights (M,,) of branched
polyethylenimine (PEI) loaded onto SBA-15 using thermog-
ravimetric analysis (TGA) for more than 65 adsorption—
desorption cycles.”” They found that the sorbent with PEI
(avg. M,, 400) thermally degraded by 2.6 and 23% at 7S and
120 °C, respectively, under dry nitrogen (N,). Similarly,
weight losses of ca. 23, 4.0, and 1.3% were measured at 120 °C
for having PEI molecular weights of 423, 600, and 2500,
respectively. Additional results indicated that PEI (M,, 600)
sorbents degraded by ca. 25 and 68% under 5% CO, balance
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Table 1. Summary of Amine-Based Sorbents and Their Evaluation Conditions and Degradation Behavior for DAC of CO,

CO, uptake, regeneration %degradation
support mmolco,/g temperature number  total time vs. fresh
material adsorbent adsorption gas sorbent regeneration gas (°C) of cycles (h) material ref
SBA-15 BPEI", M, = 423 5% CO,, bal. 29 N, 75 30 2.6% 15
BPEIY, M,, = 600 N, 0.3%
LPEI®, M, = 2500 0.0%
BPEI", M,, = 600 5% CO, bal. in N, 85 10 2%
105 10 25%
120 10 68%
SBA-15 (fresh)  blended 6700 — 400 ppm of 0.96 He 90 20 33 negligible 16
700 M, LPPI°, CO,, bal. He
aged 10% CO,, bal. L9 ~4.5%
He
SBA-15 (fresh) 6,700 M, LPPI-, 400 ppm of 2.3 aged in ambient air ~17,500 ~48%
aged CO,, bal. He
SBA-15 (aged) 6,700 M, LPPI, ~17,500 ~10%
aged
SBA-15 BPEI“, M, = 600 400 ppm of 1.3 0.04% CO,—air (43% 70 30 128 52% 17
CO,, bal. He RH)
0.04% CO,—air (dry) 30 125 29%
21% O,, bal. N, 168 4%
21% O,, bal. N, (43% 17%
RH)
N, 3%
0.04% CO, bal. air 80%
0.04% CO, bal. air (43% 87%
RH)
0.04% CO,, bal N, 2%
21% O,, bal N, 336 32%
N, 4%
mesoporous BPEI“, M, = 600 400 ppm of 1.1 21% O,, bal. N, (dry) 120 9 75% 18
alumina CO,, bal. He 21% O,, bal. N, (18 °C 3 97%
dew point)
21% O,, bal. N, (30 °C 8 96%
dew point)
macroporous PEI 15% CO,, 10% 2.0 aged under 3% O,, 15% 110 720 97% 24
silica PEI w/2% chelator H,0, bal. N, 20 CO,, 10% H,0, bal N, 849%
EB? — PEI 1.6 85%
EB? — PEI w/2% L6 8.2%
chelator
porous silica 0.42EB? — TEPA® 15%/85% 2.5 N, 90 10 ~7.0% 25
0.64EB? — TEPA®  CO:/N, 2.0 ~6.4%
0.82EB? — TEPA® 1.6 ~2.6%
proprietary aminoresin 400 ppm of 0.57 N,, TCSA” mode 100 19 95 7.6% 28
CO,y bal N, 0.52 N,, TVCSAS mode 100 2 99 13%
0.53 N,, TVCSA® mode 60 23 103.5 5.7%
SBA-15 PEI 400 ppm of 0.72 N, 70 10 15 ~3.9% 20
CO, bal. N, 1.0 80 ~2.5%
1.0 90 ~1.3%
0.94 110 ~0.8%
0.72 24 h thermal treatment + 70 44 ~5.6%
1.0 N, 80 ~5.0%
1.0 90 ~9.1%
0.94 110 ~7.6%
TEPA® 400 ppm of 1.3 N, 70 15 ~0.6%
€O, bal N, 17 80 ~0.3%
1.8 90 ~0.0%
1.7 110 ~1.9%
1.3 24 h thermal treatment + 70 44 ~2.2%
L7 N, 80 ~5.3%
1.8 90 ~11%
1.7 110 ~67%

“Branched polyethylenimine (PEI). “Linear polyethylenimine (PEI). “Linear poly(propylenimine). “Epoxybutane (EB). “Tetraethylenepentamine
(TEPA). fTemperature—concentration swing adsorption. *Temperature—vacuum—concentration swing adsorption.
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Figure 1. FTIR spectra (a) and thermogravimetric analysis (b) of silica, PEI-silica powder, and PEI-silica pellets.

N, mixture at 105 and 120 °C, respectively, when compared to
pristine sorbents. This degradation was primarily attributed to
the loss of amine groups via urea formation. Rosu et al. used
aged (~2 years) linear PEI loaded onto SBA-15 supports and
examined its CO, performance for DAC on TGA.'® The
results showed that the aged linear PEI showed ~20% lower
uptake than fresh linear PEI with stable performance over 20
cycles. Jones and group investigated branched PEI (800 M,,)
on y-ALOj; supports via TGA for 30 cycles at 70 °C."” Their
findings showed a gradual loss in stability (dry: 29%, humid:
52%) under 0.04% CO,—air for 45 wt % PEI- y-Al,O;. Most
recently, Carneiro et al. assessed the oxidative degradation
mechanism of branched PEI under humid DAC conditions.'®
Their results indicated that a radical-initiated autoxidation
mechanism governs the PEI-based sorbent degradation due to
a primary step of abstraction of hydrogen from C—H bonds,
resulting in the release of volatile organic compounds (VOCs)
such as ammonia and 2-aminoacetaldehyde at terminal 1° and
2° amines.

To reduce the oxidative and thermal degradation of amine-
based solid sorbents for DAC, several approaches have been
explored. For example, low-temperature DAC, which adsorbs
at subambient temperatures and desorbs at room or low
temperatures (60 °C), was proposed.”'”~** Rim et al. studied
PEI and tetraethylenepentamine (TEPA) loaded onto MIL-
101 (Cr) supports for DAC where adsorption and desorption
were carried out at —30 °C and 40—60 °C, respectively, using
TGA-DSC, volumetric surface area analysis, and porosim-
etry.”' They concluded that 30 wt % TEPA-loaded sorbents
showed a large working capacity (0.73 mmol/g) for 15 cycles
with a low sorbent regeneration temperature (25 °C) due to
weak chemisorption-dominant behavior. In another approach
to reduce oxidative degradation, small molecules/additives
(e.g, epoxides) forming hydroxyl bonds with amines were
explored to retard amine oxidation.”*”*® Choi and co-workers
modified branched PEI with 1,2-epoxybutane (EB) before
loading onto silica supports and assessed its stability in flue gas
(15% CO,, 3% H,0, 2% Ar, balance N,) by performing
temperature swing adsorption using TGA-MS for 50 cycles.
They utilized 0.37 and 0.54 EB-PEI, which is defined by the
molar ratio of EB to nitrogen content in PEL Their results
demonstrated that 0.37 and 0.54 EB-PEl-silica retained almost

45972

100% of their working capacity for 50 cycles, even though the
actual adsorption capacity reduced from 3.8 mmol/g to ~2 and
1.5 mmol/g, respectively, due to the addition of EB to PEL**
Another study used the same additive for TEPA and showed
stable performance over 10 cycles using TGA under 15% CO,
in N,.** Even though amines with additives showed improved
oxidative stability, the sorbent showed reduced CO, uptake
compared to amines without additives, as additives generally
do not participate in the capture process.”’

Several process engineering approaches are proposed to
counter the thermal degradation of sorbents, including the use
of inert gas purging to minimize the presence of O, during
desorption. Elfving et.al. evaluated desorption using an inert
gas (e.g., nitrogen) at a low temperature (60 °C) on a
proprietary sorbent.”””** This is the only study, to the authors’
knowledge, that carried out cyclic adsorption—desorption on a
fixed-bed column for over 20 cycles at 60 and 100 °C
regeneration with purge and vacuum. The authors demon-
strated that 60 °C is sufficient to reach 85% regeneration with
both temperature-swing adsorption (TSA) and temperature—
concentration swing adsorption (TCSA). Coupling purge gas
use and vacuum in TVSA/TVCSA (V-vacuum) leads to over
ca. 90% regeneration. Although a lower specific energy
requirement of 4.2 MJ/kg CO, was achieved with purge gas
and no vacuum, compared to ca. 7.5 MJ/kg CO, with mild
vacuum for low-concentration CO, streams (1—10%), the
sorbent degraded by 6% over 23 cycles at 60 °C in TVCSA
mode.

There are three basic methods for incorporating amines
onto a porous support: impregnation, grafting, and in situ
amine loading. Among these, wet impregnation with a solvent
is the easiest way to load amines onto a porous support,
followed by the evaporation of the solvent.”” In general, the
wet-impregnation synthesis method usually entails an average
use of 20 mL of solvent (commonly methanol) per gram of
porous support. It is well-known that methanol is highly toxic
and exhibits a huge carbon footprint, around 160 gco, /MJ

and 93-97 gco, /MJ when produced from coal and natural

gas, respectively.”’’ Although several one-pot sorbent synthesis
methods have been reported for obtaining sorbents for CO,
capture, solvent-minimized synthesis methods for amine-based
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sorbents are scarcely reported.”’ ™** It is highly desirable to
develop novel material synthesis methods, minimizing the use
of toxic and volatile solvents to minimize the carbon footprint
of DAC materials. Additionally, most studies that have
analyzed amine degradation used CO, in inert gases (e.g,
He, Ar, or N,) and used TGA and/or DSC and/or TGA-DSC
to measure sorbent performance, which does not simulate
realistic DAC conditions. To the authors’ knowledge, no study
has developed a comprehensive accelerated testing (AT)
protocol to elucidate sorbent long-term stability and perform-
ance under realistic DAC conditions. The aim of this work is to
(I) develop a solvent-minimized synthesis method for PEI-
silica powder and subsequent pelletization of the sorbent
powder and (II) develop an AT protocol mimicking DAC
conditions to determine sorbent long-term stability at 80, 100,
and 120 °C regeneration temperatures in three different
environments: (case 1) 21% oxygen-containing environment
(ambient air), (case II) purge gas (N,), and (case III) sorbent
saturated with dry and humid CO, in an O,-free environment.
A comprehensive understanding of PEI-sorbent degradation in
environments relevant to the DAC of CO, process conditions
would guide advanced material design and efficient process
development to improve sorbent lifetime.

2. RESULTS AND DISCUSSION

2.1. Physical and Chemical Properties of PEI-Silica
Sorbents. FTIR was used to evaluate the incorporation of PEI
onto silica matrices (powder and pellets), as shown in Figure
la. The spectra for silica powder (blue) showed an intense
peak at 1100 cm™', which is associated with asymmetric Si—
O-Si stretching vibrations. The Si—O—Si peak at 1100 cm™" is
observed in the PEI-silica powder and pellets. The differences
between pristine silica and the PEI-based sorbent (powder and
pellets) are the absorption bands near 1450 and 2900 cm™
(highlighted regions), which are attributed to C—H
deformation and stretching, respectively. The peaks at ca.
1600 and 3285 cm™' are associated with asymmetric and
symmetric N—H stretching of secondary amines, respectively,
confirming the successful loading of PEI onto the silica matrix.
A noticeable peak at ca. 3600 cm™' in the PELsilica pellets
could be due to the —OH stretching band of bentonite clay,
which is in agreement with previously reported literature.**

TGA experiments were conducted to estimate the amount of
amine incorporated into the silica matrix, as shown in Figure
1b. Sorbent samples (5—10 mg) were loaded into a TGA pan,
and the temperature was ramped from RT to 1000 °C at a
heating rate of 2.5 °C/min under N, flow (200 cc/min). As
seen in Figure 1b, the weight loss of silica powder was found to
be only 2.5%, whereas the weight loss measured for the PEI-
silica powder and pellets was 52.5 and 47.5%, respectively. The
weight losses of 2.30 and 7.10% for PEI-silica powder and PEI-
silica pellets, respectively, before reaching 120 °C are
attributed to the desorption of the preadsorbed components
(e.g, moisture and CO,) from handling in an ambient
atmosphere. The prominent derivative peaks at ~300 °C for
PEI-silica powder and at ~250 and ~300 °C for PEl-silica
pellets, resulting from the loss of PEI, provide evidence of the
successful incorporation of PEI into the silica matrix. The
second derivative peak in the PEI-silica pellets can be
attributed to the 5% weight loss of the MC (organic binder)
used for pellet formation. Thus, the estimated weight
percentage of aminopolymer (i.e., amine loading) in the
synthesized PEl-silica powder and pellets, as measured via

TGA weight loss curves, is ca. 50.2 and 39.2%, respectively.
These values are near the targeted proportions of amine
incorporation (50 and 40%) during the sorbent synthesis
process.

Scanning electron microscopy (SEM) micrographs of the
pristine silica and PEI-based sorbents, both powder and pellets,
were taken to realize the surface morphology of the sorbent, as
shown in Figure 2a—c. SEM micrographs reveal no clear

Figure 2. SEM micrographs of silica powder (a), PElL-silica powder
(b), PELsilica pellets (c), and PEI-silica pellets (d).

morphological differences between PEI-silica powder and PEI-
silica pellets. The silica powder (Figure 2a) reveals a very open
structure, whereas the PEI-silica powder (Figure 2b) and PEI-
silica pellets (Figure 3c) appear to be progressively more
cluttered. The porous structure of pristine silica and PEI-
loaded samples with particle sizes between 2 and 7 um is
shown in Figure 2a—c, whereas Figure 2d displays the as-
printed PEI-silica pellets. The average as-printed pellets were
1.64 + 0.08 cm long, 0.30 + 0.03 cm wide, and 0.26 + 0.02 cm
high, as shown in Figure Sla.

The N, physisorption isotherms and the physical properties
of pristine silica, PEI-silica powder, and PEI-silica pellets are
shown in Figure 3 and Table 2, respectively. Figure 3 depicts a
typical type IV isotherm with an H-1 hysteresis loop for the
base silica support, consistent with its mesoporous structure.
As expected, the PEI-silica powder and pellets (Figure 3b)
exhibited drastically lower N, uptake than pristine silica
(Figure 3a), correlating with their lower surface areas of 5 and
10 m*/g, respectively, when compared to the pristine silica
powder with 302 m*/g. This is attributed to aminopolymer
loading, reducing the total possible sorption sites for N,. A
slightly higher surface area (Sggr, Table 2) for PEI-silica pellets
was observed when compared to the powder counterpart,
which could be associated with additives (BC-26 m*/g) used
in pellet formation. The same trend was also observed in pore
volume (Table 2), where the measured pore volumes of PEI-
silica powder and pellets (0.04 and 0.07 cm®/g, respectively)
were more than an order of magnitude lower than the pore
volume of pristine silica (1.06 cm®/g). The calculated pore
width for silica, PEI-silica powder, and PEl-silica pellets were
14, 28, and 28 nm, respectively. The physical and chemical
properties of the solvent-minimized PEI-silica powder and PEI-
silica pellets, fabricated using 94% lower amounts of volatile
and toxic methanol solvent, are in close agreement with
traditionally synthesized PEI-based sorbents, as compared and
shown in Table 3."®°*737 Herein, for the rest of the discussion,
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Figure 3. N, physisorption isotherms of (a) mesoporous silica and bentonite clay and (b) synthesized PEI-silica powder and PEI-silica pellets.

Table 2. Measured Physical Properties of Sorbent Materials

sorbent surface area, Sgpr (m?/g)  pore volume (cm®/g)
silica powder 302 1.06
bentonite clay 26 0.04
PEI-silica powder S 0.04
PEI-silica pellets 10 0.07

PEI-silica pellets are of primary interest for CO, sorption and
sorbent degradation analysis.

Table 3. Comparison of the Textural Properties of
Traditionally Fabricated PEI-Based Sorbents and PEI-Silica
Pellets Fabricated in This Study Using a Solvent-Minimized
(ca. 94%) Centrifugal Mixing Method

methanol/ amine Surface pore
sorbent support loadin, area, Sper volume
material (g/g) (wt %§ (m*/g) (cm®/g) ref
PEI-alumina 30 32 29 0.27 18
powder
PElL-silica 18.3 33 122 0.56 36
powder
PElL-silica 15.8 41 100 0.53
powder
PEI on G-10 10 40 65 0.44 3S
silica
powder
PEI on G-10 NY 33 0.25
silica
powder
PEl-alumina 73.1 30 16 0.08 37
powder
PElL-silica 15.8 S0 22 0.13 34
powder
PElL-silica 40 12 0.03
monolith
PEI-silica 0 ~50 S 0.04 this
powder work
PEI-silica 0.475 ~40 10 0.07
pellets

2.2. CO, Sorption and Sorbent Degradation Analysis.
2.2.1. TGA Analysis. Analysis of five temperature swing
adsorption—desorption cycles was carried out on PEl-silica
pellets to measure and assess their CO, adsorption capacity
under DAC conditions, as well as sorbent degradation under
N, purge at 80, 100, and 120 °C using TGA, as shown in
Figure 4. Additionally, the CO, uptake of pristine silica, PEI-
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silica powder, and pellets at room temperature is shown in
Figure S2. Figure 4A illustrates that the PEI-silica pellets
exhibit CO, adsorption capacities of around 1 mmol/g (cycle
1) when measured in TGA with 420 ppm of CO, as compared
to pristine silica (0.15 mmol/g). The PEI-silica pellets showed
~11% lower CO, adsorption capacity compared to the PEI-
silica powder (Figure S2), which could be attributed to the
lower estimated PEI content (39.2 vs 50.2 wt %) in the pellet
form as compared to powder form due to the presence of
additives used in formulating the sorbent pellets. The
adsorption capacities of the solvent-minimized PEI-silica
powder and pellets, synthesized using 94% less solvent, are
in close agreement with the PEI-based solid sorbents
synthesized using the traditional wet-impregnation method,
as compared and shown in Table 4.'**" This shows that
centrifugal mixing is an effective method for loading PEI into
the mesoporous inorganic support. The sorbent deactivation
rates measured for PEI-Silica pellets are reported in Figure 4b.
When comparing the fifth temperature swing cycle to the
pristine material, the sorbent degraded by ca. 2.7, 4.6, and 9.7%
at 80, 100, and 120 °C, respectively. This degradation should
be attributed to purely thermal degradation, as residual oxygen
was removed by purging with N, before desorption at elevated
temperatures.

2.2.2. Chemisorption Analysis. Sorption analysis was
carried out on PEl-silica pellets and pristine silica powder at
three different temperatures (S, 15, and 25 °C) using a 3Flex
Adsorption Analyzer (Micromeritics, Norcross GA) in
chemisorption mode, as shown in Figure S3. Analysis of PEI-
silica powder was not included, as the sorption analysis mainly
focused on PElI-silica pellets. As expected, the physisorption of
pristine silica showed a higher CO, adsorption capacity at
lower temperatures. The measured CO, adsorption capacities
of pristine silica were 0.021, 0.020, and 0.016 mmol/g at S, 15,
and 25 °C, respectively (Figure S3, filled symbols) at 420 ppm
(0.042 bar). Unlike pristine silica, the measured CO, uptake of
PEL-silica pellets by chemisorption (Figure S3, empty symbols)
was found to be 0.25, 0.83, and 1.04 mmol/g at 5, 15, and 25
°C, respectively, at 0.042 bar (~420 ppm of CO,), whereas a
small increase in CO, adsorption capacity (0.35, 0.89, and 1.1
mmol/g) was observed at 1 bar for all three temperatures. The
CO, uptake of PEI-silica pellets measured using chemisorption
aligns closely with the measured TGA uptake (Figure 4a).

2.2.3. Fixed-Bed Breakthrough (BT) Adsorption and
Desorption Analysis. Dynamic CO, sorption performance of
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Figure 4. Five cyclic TGA adsorption capacities of PEI-silica pellets at 420 ppm of CO, at (a) 25 °C and (b) percent sorbent deactivation.

Table 4. CO, Uptake Comparison between Traditionally Fabricated PEI-Based Sorbents and PEI-Silica Pellets Fabricated in
This Study Using a Solvent-Minimized (ca. 94%) Centrifugal Mixing Method

sorbent type methanol/support (g/g)  amine loading (wt %) adsorbate CO, uptake (mmol/g) ref
PEI-MIL-101 (Cr) powder 49 30 400 ppm of CO,, bal. He 0.78 21
42 N 1.64
TEPA-MIL-101 (Cr) powder 49 30 1.12
42 N 1.26
PEI-alumina powder 30 32 400 ppm of CO,, bal. He 1.05 18
PEI-silica powder 19.8 S0 400 ppm of CO,, bal. N, 1.04 20
PEI-silica powder 0 ~50 420 ppm of CO,, bal. air 1.22 this work
PEI-silica pellets 0.475 ~40 1.04
(a) b
1.0 4 1.0 4 (b)
0.8 -
© 0.6 4
o
(8]
0.4 4
0.2 1 Blank run 0.2 Blank run
— PE|l-silica powder ——— PEl-silica pelleis
0.0 - —— PEl-silica powder (75% RH) | (/| —— PEl-silica pellets (75% RH)
0 100 200 300 400 500 0 100 200 300 400 500

Time, Minutes

Time, Minutes

Figure 5. Breakthrough curves under dry and humid (75% RH) conditions of (a) PEI-silica powder and (b) pellets.

the PELsilica sorbent (powder and pellets) was evaluated
using a BT system at ambient conditions (room temperature
and atmospheric pressure of about 0.78 bar at Los Alamos,
New Mexico, U.S.A). For degradation analysis in a compact
fixed-bed sorption column, the pellets were cut lengthwise, as
shown in Figure S1b, to reduce the length to 0.37 cm +0.04 for
better packing. The BT curves of the sorbent (both powder
and pellets) under dry and humid conditions are depicted in
Figure S. The average humidity (75% RH) of the U.S. was
considered to assess sorbent CO, uptake performance.’® As
expected, in both cases (powder and pellets), the BT curves in
the dry conditions are sharper when compared to humid
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conditions due to the well-known promoting effect of water
vapor on CO, adsorption."”*” The calculated BT and
pseudoequilibrium capacities of both the powder and pellets
in dry and humid conditions, as well as the corresponding
amine efliciencies, are summarized in Table 5. The pseudo
equilibrium BT capacity (at C/C, = 0.95) of PEl-silica powder
was found to be 1.25 and 1.9 mmol CO,/g (Figure Sa),
whereas CO, uptake for pellets was 1.05 and 1.43 mmol, CO,/
g (Figure Sb) in dry and humid conditions, respectively. The
pellets showed relatively less CO, uptake in both dry and
humid conditions as compared to in the powder form, which
can be associated with additives present in the pellets. Based
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Table 5. Dynamic Adsorption Performance and Amine
Efficiency of the PEI-Silica Powder and Pellets under Dry

and Wet (75% RH) Conditions

pseudoequilibrium
capacity amine efficiency
(mmf)lco/ gsorbent) (mfﬂcoz/ moly)
sample dry wet dry wet
PEI-silica powder 1.30 1.95 0.11 0.16
PElL-silica pellets 1.05 1.43 0.10 0.15

on the BT CO, uptake and amine loading (wt %) estimated by
TGA, the calculated amine efficiency was 45—50% higher for
PEI-silica powder and pellets in wet conditions as compared to
dry conditions. This dynamic adsorption analysis showed a
similar CO, adsorption performance and amine efficiency
between the solvent-minimized sorbents and sorbents
fabricated using traditional wet-impregnation synthesis meth-
ods.

To determine desorption efficiency and verify the impact of
desorption temperatures (80, 100, and 120 °C) on the
adsorption performance of the sorbent, real-time CO,
concentration measurements were conducted and recorded
using a Vaisala CO, sensor (GMP 252). The desorption
profiles at each desorption temperature with N, purge are
shown in Figure 6. The desorption areas (area under the

4000 140
3500
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Figure 6. CO, desorption and temperature profiles of the PEI-silica
pellets at regeneration temperatures of 80, 100, and 120 °C.

desorption curve) at 80, 100, and 120 °C desorption
temperatures were measured to be 38,655; 49,243; and
81,128 (arbitrary units), respectively. The corresponding
desorption area calculated for CO, desorption curves at 80
and 100 °C is 52.35 and 39.30% lower than that calculated for
the desorption curve at 120 °C. As shown in Figure 6,
desorption times for 80, 100, and 120 °C were found to be 3,
1, and 2 h, respectively. The higher desorption time required
for 120 °C is due to the relatively lower heating rate (~2.3 °C/
min) when compared to 80 and 100 °C, (Figure 6). Assuming
the same heating times (ie., ~15 min ramp to desired
regeneration temperature), desorption times should be 3, 1,
and 1 h for 80, 100, and 120 °C, respectively. Thus, this
desorption analysis demonstrates that the heating rate and
temperature are extremely important in achieving efficient
desorption for DAC.

2.3. Accelerated Testing (AT) Analysis. Accelerated
testing (AT) of structured sorbents (PEl-silica pellets) was
performed to hasten time-consuming cyclic processes and
quantitatively realize the sorbent’s long-term degradation
behavior. In AT, PEl-silica pellets were exposed to a desired
regeneration temperature for 24 and 100 h under four distinct
environments representative of the DAC of CO, process
conditions: case I: ambient 21% oxygen-containing (O,)
environment; case II: pure N, environment; and case III:
sorbent saturated with dry and humid (75% RH) CO, in an
oxygen-free environment. AT was performed for 24 h (case I)
and 100 h (cases II and III) at 80, 100, and 120 °C using the
conditions outlined in Section 4.4 with the same temperature
profiles shown in Figure S4. Assuming the same heating time
for desorption as described in Section 2.2.3, 24 h AT correlates
to 8, 24, and 24 adsorption—desorption cycles, whereas 100 h
AT corresponds to roughly 33, 100, and 100 cycles for 80, 100,
and 120 °C, respectively. The degradation of fresh and post-
AT PElL-silica pellets at 80, 100, and 120 °C with N, purge
using TGA and BT was examined and compared. Moreover,
dry and humid CO,-induced degradation (sorbent saturated
with dry and humid CO,) was performed on BT in an oxygen-
free environment at the same regeneration temperatures. An
FTIR analysis was carried out on post-AT (24 and 100 h)
samples to assess and verify sorbent degradation.

2.3.1. 24 h AT (21% O,). Sorbent deactivation analysis was
performed on PEI-silica pellets for 24 h under ambient air
(21% O, environment (case I)), with the corresponding FTIR
spectra displayed in Figure 7. As shown in Figure 7a, post-AT

100 4 —a— Ambient air (21% O,) (a) 21% O, (b)
& 801 __|120°c
§ 3 c=0
K s
2 % 8 [100°c
o c
g £
Q 40 T
s 7
2 g
= -
& 20 =
Fresh PEI-Silica
Pellets
"1 : . 24h AT 24 h post-AT
Fresh 80 120 4000 3500 3000 2500 2000 1500 1000 500

Regeneration temperature (°C)

Wavenumber (cm™')

Figure 7. Analysis of post-AT PEI-silica pellets at 80, 100, and 120 °C regeneration temperatures with (a) sorbent deactivation of 24 h AT
experiments in ambient air (21% O,) and (b) FTIR spectra of post-24 h AT experiments used with a 21% O,.
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Figure 8. Analysis of fresh and post-AT PEl-silica pellets at 80, 100, and 120 °C regeneration temperatures with (a) sorbent deactivation of all 100
h AT experiments for all three cases, (b) FTIR spectra of post-AT samples used with a N, environment, FTIR spectra of post-AT saturated (c) dry,

and (d) wet (75% RH) CO, samples.

BT PEl-silica pellets showed substantial degradation of ca.
33.0, 85.7, and 92.1% at 80, 100, and 120 °C, respectively. The
sorbent degradation increased dramatically from 80 to 100 °C
(>50%), revealing a facilitated aerobic reaction with PEI at
temperatures >80 °C. The degradation is visually observed in
post-AT samples based on their discoloration (Figure S5). The
oxidative degradation was further verified by the FTIR spectra
carried out on post-AT BT samples, as shown in Figure 7b.
The FTIR spectra revealed the development of a carbonyl
(C=0) band at 1660 cm™ in post-AT samples at all three
temperatures.'® It is also important to note that the intensity of
the carbonyl (C=0) band in the FTIR spectra (Figure 7b,
gray highlighted region and denoted by arrows) is directly
proportional to the temperature (80 < 100 < 120 °C). The
development of this bond corresponds to a decrease in the
CO, capture capacity, affirming the degradation effect of O, at
elevated temperatures. Moreover, the loss of the C—H
vibrational stretching band at ~2900 cm™ (pink highlighted
region) and N—H band at ~1400 cm™' with an increase in
temperature (80 < 100 < 120 °C) indicates the transformation
of C—H and N—H to C=O0 due to the reaction of oxygen
with PEI at elevated temperatures.

2.3.2. 100 h AT (N, CO, and CO, + H,0). 100 h AT
(equivalent to 33, 100, and 100 cycles) was performed on the
fixed-bed (BT) column with N,, CO,, and CO, and H,O
environments as a function of regeneration temperatures of 80,
100, and 120 °C, and their corresponding post-AT analyses are
displayed in Figure 8. The 100 h AT on BT (Figure 8a) under
the N, environment (case II) showed that the adsorption
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capacity of PEI-silica pellets dropped by ca. 21.1, 20.5, and
26.2% with increasing regeneration temperatures. FTIR spectra
of 100 h AT under N, carried out on the post-AT sorbent
samples showed that the sorbent largely retained its chemical
bonds even after its exposure to all three regeneration
temperatures for 100 h continuously, as depicted in Figure
8b. Thus, it can be concluded that the sorbent is relatively
stable under the N, environment with a moderate loss (20—
26%) in its capture performance depending on the
regeneration temperature. The loss in capacity observed can
be attributed to the loss of amines via amine evaporation,
which is attributed to elevated temperatures during regener-
ation.'” 100 h AT with 21% O, on PElL-silica pellets was not
performed as the sorbent substantially degraded (up to 94%),
as observed in the 24 h AT (Figure 7).

To measure dry and wet (75% RH) CO,-induced
degradation and determine sorbent stability, sorbents saturated
with dry and wet CO, were exposed to all three regeneration
temperatures for 100 h (equivalent to 33, 100, and 100 cycles)
continuously in an oxygen-free environment in the fixed-bed
BT column. The corresponding sorbent deactivation and FTIR
spectra are shown in Figure 8. Previously, Heydari et al.
investigated CO,-driven amine sorbent degradation by
exposing the sorbent to 5% CO, balanced in N, for 10 h at
85, 105, and 120 °C. They concluded that the sorbent lost 2,
25, and 68% of its capture capacity, respectively.”” Another
study concluded that PEI-based sorbent degradation was
aggravated by ~2X due to the presence of water vapor in
aerobic environments.'® However, the degradation based on
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5% CO, in N, and the aerobic environment in DAC due to
vacuum (to remove oxygen) does not simulate realistic
industrial DAC conditions, where CO, degradation usually
occurs based on sorbents saturated with dry or wet CO,. Thus,
the protocol (Section 4.4, case II) established in this study was
to better mimic industrial DAC conditions and measure
realistic CO,-induced degradation. As can be seen in (Figure
8a), the measured dry CO,-induced degradation after 100 h is
ca. 15.7, 37.9, and 57.3% at increasing regeneration temper-
atures of 80, 100, and 120 °C. As expected, CO,-induced
degradation was found to be 17.5 and 31.0% higher at 100 and
120 °C, respectively, when compared to N, purge degradation.
It is worth noting that the CO,-induced degradation at the
lowest regeneration temperature (80 °C) was similar to the
degradation under inert (N,) atmosphere. Post-AT, the 100 h
dry CO,-induced degradation was additionally characterized
via FTIR, as depicted in Figure 8c. The FTIR spectra unveiled
the development of a slight band at 1660 cm™" (shown by an
arrow and in the gray highlighted region) at 80 °C, whereas
prominent bands (1660 cm™') at 100 and 120 °C could be
attributed to NH, deformation of hydrogen-bonded amino
groups and the formation of open chain urea (NH,CONH,),
respectively, in agreement with previously reported inves-
tigations.">'**>*" The intensity of the band at 1660 cm™ is
directly proportional to the regeneration temperatures (80 <
100 < 120 °C), indicating a stronger reaction of CO, with
aminopolymer groups at higher temperatures. It is also
important to note that the C—H vibrational stretching band
at ~2900 cm™' was found to be unchanged at all three
regeneration temperatures as opposed to case I (21% O,),
verifying open chain urea formation.

On the other hand, the 100 h AT analysis on the sorbent
saturated with wet CO, (case III) showed 30—40% and ca.
10% higher stability compared to saturated CO, (dry) and N,
environments, respectively. The higher stability sorbent under
wet CO, could be associated with stronger interactions
between H,O and PEI, inhibiting urea formation and
decelerating deﬁradation as compared to dry CO,-induced
degradation.”*" Sorbent degradation was found to be higher
at 80 °C compared to 100 and 120 °C, which could be
attributed to lower regeneration efficiency at lower temper-
atures, as shown in Figure 6. Post-100 h AT of wet CO,-
induced degradation was characterized by FTIR, as depicted in
Figure 8d. The FTIR results revealed the disappearance of a
band at ~3285 cm™' (N—H stretching band) and the
development of a convoluted peak at ~1660 cm™" (shown
by an arrow and in the blue highlighted region), which could
be associated with the formation of ammonium carbamate or
bicarbonate, closely aligning with previously reported results.””
This wet CO,-induced AT degradation analysis suggests an
important role of water vapor in alleviating sorbent
degradation. An abridged summary of the PEI degradation
mechanisms under (a) O, and (b) CO,, based on previous
studies, is depicted in Figure S6.

Table 6 compares the degradation of PEI-silica pellets based
on AT in four different environments at 80, 100, and 120 °C.
In 100 h AT, sorbent deactivation under N, purge and wet
CO, environments was found to be slightly higher at 80 °C
when compared to 100 and 120 °C. This could be attributed to
either inefficient regeneration (Figure 6) or the readsorption of
CO,, which is supported by previous studies that have
demonstrated that PEI-silica adsorbents exhibit higher CO,
adsorption capacities at ~75 °C than at room temperature due

Table 6. Summary of Overall PEI-Silica Pellet Degradation
Evaluation Performed at 80, 100, and 120 °C in Various
Regeneration Environments

experiment regeneration temperature (°C) degradation (%)

Case I: Ambient Air (21% O,)
24 h AT 80 32.93
100 85.67
120 92.10

Case II: N,

100 h AT 80 2141
100 20.46
120 26.25

Case III: Dry Saturated CO,
100 h AT 80 15.90
100 37.89
120 57.28

Case III: Wet Saturated CO, (75% RH)

100 h AT 80 20.22
100 7.96
120 18.84

to improved diffusional (CO, diffusion and PEI chain
mobility) effects.***® Interestingly, 100 h AT under a wet
CO, environment showed the highest stability among all
environments, indicating that humidity greatly hinders urea
formation. AT experiments for all three cases showed the
highest degradation at 120 °C, making this regeneration
temperature undesirable for DAC with PEI-based sorbents.
Based on overall degradation, the optimum regeneration
temperature was found to be in the range of 80 < T' < 100 °C.

3. CONCLUSIONS

A novel solvent-minimized method of synthesizing PEI-silica
sorbents via centrifugal mixing was developed, enabling PEI-
silica pellet fabrication using ca. 94% lower amounts of volatile
and toxic solvent for the DAC of CO,. The sorbent was
extensively evaluated to benchmark its CO, capture perform-
ance, and AT protocols were developed to assess the long-term
degradation of the sorbent in environmental conditions
representative of industrial DAC processes. BT cyclic experi-
ments with N, purge indicated that the sorbent showed quite
stable performance and low degradation at 120 °C
regeneration temperatures, whereas incomplete desorption at
80 °C resulted in lower CO, working capacities. Conversely,
TGA cyclic runs with N, purge showed that sorbent
degradation is linear and directly proportional to the
regeneration temperatures (120 > 100 > 80 °C). The BT
cyclic runs with ambient air (21% O,) showed substantial
degradation (up to 94% within 24 h at 120 °C) due to the
aerobic oxidation of amines at elevated regeneration temper-
atures, as evident by the FTIR spectra showing the
development of C=O bonds from C—H and N—H bonds.
100 h AT analysis showed that CO,-induced sorbent
degradation (case III) via urea formation was 2—3x higher at
elevated regeneration temperatures (>100 °C) than the
sorbent degradation in inert N, (case II) or CO,-induced
degradation at lower (80 °C) temperatures. In the presence of
75% RH, the PEI-silica sorbent is shown to be less prone to
degradation, which is attributed to the suppression of urea
formation by favorable interactions between water vapor and
the N—H groups of PEI molecules. Based on the analysis of
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AT results, the optimum regeneration temperature for the PEI-
based sorbents is determined to be between 80 and 100 °C.

4. MATERIALS AND EXPERIMENTAL METHODS

4.1. Materials. Mesoporous silica (PD-09024, Ecovyst,
Inc.) was used to synthesize the PEI-silica powder and pellets.
Bentonite clay (BC) binder, methyl cellulose (MC) plasticizer,
PEI (800 M,,), and methanol were all obtained from Sigma-
Aldrich. All materials were used with no prior treatment. For
gas analysis, 420 ppm of CO, balanced in air (contains 21%
0,) and ultrahigh purity N,, all obtained from Airgas, were
used for adsorption and desorption, respectively.

4.2. Preparation of PEl-Silica Powder and Pellets.
High-speed centrifugal mixing (THINKY ARE-250) was used
to synthesize solvent-minimized PEI-impregnated silica
powder. Briefly, mesoporous silica (10.0 g) was outgassed at
120 °C under vacuum for 12 h. Then, PEI (10.0 g) and the
degassed silica were loaded into a THINKY centrifugal cup,
mixed for 5 min, and defoamed for 1 min at 2000 rpm. The
PEI-silica powder was then dried for 12 h at 100 °C in ambient
air. This resulted in PEI-silica powder with a 50% PEI loading,
which has previously been shown to be optimal for uniform
distribution on mesoporous silica supports.*

For PEl-silica pellet synthesis, PEI-silica powder (12.0 g)
and methanol (9.50 g) were loaded into a THINKY cup, and a
powder mixture of binder (BC, 2.25 g) and plasticizer (MC,
0.750 g) was added (ie, 20 wt % additives). The binder
adheres to the PEI-silica particles, while the plasticizer adheres
to the PEl-silica/binder particles, leading to mechanically
strong pellet formation. This composition was then mixed in
the THINKY mixer with the same conditions used in the
formulation of PEl-silica powder to obtain a homogeneous
slurry for 3D-printing. 3D-printing has proven to be a
promising method for processing various sorbents into
structured configurations (i.e., monoliths).>***** The slurry
was loaded into a 30 cc syringe, and compressed air was used
to dispense the slurry onto the print bed to print pellets, which
can be seen in Figure 9. The pellet configuration is considered

High-speed centrifugal mixing

Mixing

support + additives + PEI+ 1.2
mL MeOH/g support

Figure 9. Preparation of PEl-silica pellets using the 3D-printing
technique.

as a structured form which can be directly deployed for large-
scale DAC. The printed pellet geometry was cut into similar
sized pieces to form pellets, followed by curing the pellets at
100 °C for 12 h. From this process, pellets with 20 wt %
additives and an 80% PEl-silica loading with a 1:1 PEI to silica
ratio (i.e., 40 wt % PEI and 40 wt % silica) were obtained and
used for all experiments. Compared to conventional synthesis
methods of fabricating PEI-silica sorbents that use ca. 20 mL of
solvent per gram of support, this method utilized 94% less
toxic and volatile methanol solvent.”' ™

4.3. Characterization of PEI-Silica Powder and Pellets.
Fourier transform infrared (FTIR) spectroscopy was per-
formed on a Nicolet iS50 spectrometer with an attenuated

total reflectance (ATR) module using a diamond crystal, a
Polaris High Stability source, and a DLaTGS detector. Powder
samples were placed directly onto the ATR instrument for
measurement. Spectra were collected from 500 to 4000 cm™!
with a resolution of 4 cm™. All IR data presented were not
signal-averaged and are presented with baseline correction.

Thermogravimetric analysis (STA-650; Hitachi) was used to
estimate the PEI loading in PEI-based sorbents (powder and
pellets). The sorbent was heated to 1000 °C at a heating rate
of 2.5 °C min~" under a 200 cc/min N, flow to evaporate or
degrade all pellet constituents other than silica.

SEM was used to characterize the sorbent morphology. The
base silica support, PEI-impregnated silica, and formed pellets
were prepared for analysis by attaching each sample to a SEM
stub using carbon tape. The samples were then sputtered with
approximately 5 nm of gold and placed on a multisample stage
of a Thermo Apreo 2 SEM. The samples were analyzed using
electron beam settings of S kV and 6.3 pA.

N, physisorption measurements were performed by using a
3Flex Adsorption Analyzer (Micromeritics, Norcross GA).
Samples were degassed in an external drying oven (Binder
Gmbh, Germany) at 105 °C under nitrogen for 3 h before
being transferred into the adsorption analyzer, at which point
vacuum was applied for 30 min prior to analysis. N, sorption
was conducted at liquid nitrogen (LN,) temperature, —196 °C
(77K), with P, being measured at each point. Approximately
27 adsorption points and 20 desorption points were taken at
pressures between P/P_ of 0.01 and 0.99. The BET surface
area method was used to determine the sample surface area by
a linear fit of the adsorption data between P/P, of 0.05 and 0.3.
The pore volume was determined at P/P, = 0.99, and the
average pore diameter was obtained using D = 4 V/A with the
BET method, where D is the cylindrical pore diameter, V'is the
pore volume, and A is the pore area.

4.4. CO, Sorption Analysis. CO, sorption analysis was
carried out at 0.78 bar (atmospheric pressure at Los Alamos,
NM) and the desired temperature. Thermogravimetric analysis
(STA-650; Hitachi) was used for preliminary measurements of
the CO, uptake capacity of the PEI-silica pellets. Briefly, the
sample (5—10 mg) was degassed for 2 h at 120 °C under N,
(200 cc/min), followed by cooling to room temperature (RT).
Then, 420 ppm of CO, in air was flowed into the system at
300 cc/min for 250 min.

CO, sorption was also measured on a 3Flex Adsorption
Analyzer (Micromeritics, Norcross GA) in chemisorption
mode. Samples were dosed with 99.999% pure CO, under
isothermal conditions at pressures between 25 and 550 mmHg.
Prior to analysis, samples were degassed in situ by heating to
120 °C for 2 + 0.5 h under a purge of 99.999% helium (He) at
50 sccm. Isothermal conditions (+0.1 °C) were maintained
during analysis using a Micromeritics Iso Controller with water
as the conduction fluid.

The schematic of the fixed-bed BT system used to measure
the CO, capture performance and stability of PElI-silica
pelletized sorbents at various temperatures is shown in Figure
10. The weight of the PEI-silica pellet samples was ~0.2 g for
all BT experiments. The N, purge flow was set to 200 cc/min
because it was found to be the optimal flow rate, as described
in Figure S7. For wet CO, experiments, a controlled adsorbate
flow with a bubbler was utilized to achieve the desired
humidity (75% RH). Flow rates to achieve 75% RH were
determined by dew point readings of the gas inputs, as
measured by a Cermet II Hygrometer (Kahn Instruments).
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Figure 10. Breakthrough (BT) system flow schematic.

Desorption was performed in the regeneration environment at
80, 100, and 120 °C, with heating rates of ~8, 10, and 2 °C/
min, respectively, due to PID settings of the temperature
controller to avoid overshooting the desorption temperature.
The adsorption and desorption times for all fixed-bed
experiments were set to 250 and 180 min, respectively. A
GMP 252 (Vaisala) CO, sensor, which exclusively measures
CO, concentrations in the accurate range of 0—10,000 ppm,
was used to measure real-time CO, concentrations. The sensor
was calibrated at Los Alamos atmospheric pressure of 0.78 bar
prior to the experiments using ultrahigh purity N, and
premixed CO,/air calibration mixtures (420, 3000, and 5000
ppm of CO, balanced in air), all obtained from Airgas.

AT was performed on the sorbent samples via the BT
system, where the samples were exposed to 80, 100, and 120
°C. At these temperatures, sorbent degradation was inves-
tigated under three different process-relevant environments:
(case I) ambient air at 21% O,, (case II) N, purge gas, and
(case III) N, gas mixed with CO, degassed from a saturated
sorbent. Case III was investigated under both dry and humid
conditions. Twenty-four h AT testing was performed for case I,
whereas 100 h AT was performed for cases II and III. AT
experimental temperature profiles for cases II and III are
shown in Figure S4. Briefly, all samples were degassed at 120
°C under N, prior to AT. Then, one adsorption/desorption
cycle (C1) was performed using 420 ppm of CO, ambient air.
This measured the initial CO, uptake of the sorbent. For case
II, CO, was completely purged from the breakthrough column,
which established an N, environment during testing. For case
III, the sorbent was degassed at 120 °C, followed by
adsorption and desorption for one cycle to again establish
baseline performance. CO, adsorption was performed to
saturation a second time (C2). The column was then flushed
with N, at RT to establish an O,-free environment, and the
breakthrough column was isolated. This ensured that the
sorbed CO, was under a N, environment. This process was
repeated with humid (75% RH) feed gas. For all cases, the
sorbent was heated and held at the desired AT temperature for
100 h at 80 °C (simulating 33 cycles) and for 100 h at 100 and
120 °C (simulating 100 cycles), followed by cooling down to
RT and final adsorption (C,o). This is further explained in
Section 2.3.
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