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ABSTRACT: The measurement of isosteric heats of
adsorption of silica supported amine materials in the low
pressure range (0—0.1 bar) is critical for understanding the
interactions between CO, and amine sites at low coverage
and hence to the development of efficient amine
adsorbents for CO, capture from flue gas and ambient
air. Heats of adsorption for an array of silica-supported
amine materials are experimentally measured at low
coverage using a Calvet calorimeter equipped with a
customized dosing manifold. In a series of 3-aminopropyl-
functionalized silica materials, higher amine densities
resulted in higher isosteric heats of adsorption, clearly
showing that the density/proximity of amine sites can
influence the amine efficiency of adsorbents. In a series of
materials with fixed amine loading but different amine
types, strongly basic primary and secondary amine
materials are shown to have essentially identical heats of
adsorption near 90 kJ/mol. However, the adsorption
uptakes vary substantially as a function of CO, partial
pressure for different primary and secondary amines,
demonstrating that entropic contributions to adsorption
may play a key role in adsorption at secondary amine sites,
making adsorption at these sites less efficient at the low
coverages that are important to the direct capture of CO,
from ambient air. Thus, while primary amines are
confirmed to be the most effective amine types for CO,
capture from ambient air, this is not due to enhanced
enthalpic contributions associated with primary amines
over secondary amines, but may be due to unfavorable
entropic factors associated with organization of the second
alkyl chain on the secondary amine during CO,
adsorption. Given this hypothesis, favorable entropic
factors may be the main reason primary amine based
adsorbents are more effective under air capture conditions.

he increasing level of CO, in the atmosphere is considered

one of the main contributors to global climate change. Due
to the impact of CO, emissions on the environment, recent
efforts have focused on developing advanced materials and
technologies that can reduce CO, emissions. Absorption in
amine-based solutions, considered as the benchmark technology
for postcombustion CO, capture, has many drawbacks, such as
energy-intensive regeneration of the aqueous amine solutions,
degradation of aqueous amines, and corrosion of process
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equipment.’ Recently, adsorption-based technologies have
attracted significant attention as a potentially more efficient
alternative for CO, capture.”~* A large number of solid materials
have been investigated for CO, capture, including zeolites,>®
activated carbons,”® metal—organic frameworks,” "' and
supported amine adsorbents,'>~"” among others.

Supported amine adsorbents have emerged as promising solids
for CO, capture from point sources such as flue gas (S—15%
CO,) and for direct air capture'* ™" (ca. 400 ppm). This is due to
their exceptional CO, adsorption capacities, high CO,
selectivities, and their tolerance to water under conditions that
are relevant to flue gas and ambient air.”'” While much of the
research has focused on synthesizing adsorbents with enhanced
CO, capacities, the molecular basis for CO, adsorption is not yet
well developed, with most reports on the adsorption mechanism
based primarily on in situ IR analyses.”””>* In this regard,
understanding and quantifying the strength of the interactions
between CO, and amine sites is critical to the development of
efficient amine adsorbents.

In an effort to gain insight into adsorption thermodynamics,
several studies have reported estimated isosteric heats of CO,
adsorption as a function of the amount of CO, adsorbed on
supported amine adsorbents.”>™>° The reported heats of
adsorption are typically calculated via the Clausius—Clayperon
equation using isotherm measurements (for example, using the
Toth model® ) at multiple temperatures. However, these
values are not routinely compared to directly measured
adsorption heats.

Only a few studies have reported directly measured isosteric
heats of adsorption from calorimetric experiments. Knéfel et al.>*
reported heats of adsorption of CO, for silica functionalized with
the diamine N-[3-(trimethoxysilyl)propyl]-ethylenediamine
over a pressure range of 0—6 bar. Llewellyn et al. investigated
CO, adsorption on supported amine adsorbents, reporting
enthalpies of adsorption on 3-aminopropylsilane functionalized
mesoporous silica and titania supports up to a pressure of 1 bar>®
and on amine functionalized mesoporous silica over a pressure
range of 0—2.5 bar.* Also, the effect of impregnating zeolite 13X
with monoethanolamine on the CO, adsorption enthalpy has
been reported recently at a pressure up to 1 bar.*’”

These calorimetric isosteric heats of adsorption for supported
amine materials were measured at pressures up to a few bars.
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However, the CO, pressure region that is of interest to
postcombustion CO, capture and direct air capture is below
ca. 0.1 bar, a regime where few data exist, with only two data
points below 0.01 bar of CO, published.*>*” Especially for direct
air capture purposes, understanding the thermodynamics at
coverages approaching zero is critical to the generation of a
fundamental understanding of CO,-supported amine interac-
tions, allowing for rational design of improved sorbents. In this
work, we report experimentally measured calorimetric heats of
adsorption of supported amine materials at ultralow CO,
pressures (0—0.1 bar). The effect of amine density on the
heats of adsorption is investigated using a series of 3-
aminopropylsilyl functionalized silica adsorbents with different
amine loadings. Furthermore, an array of aminosilane-grafted
silica adsorbents with different amine structures is examined to
study the effect of amine structure on the heats of adsorption of
CO,. The measured adsorption heats lead to some unexpected
trends and offer insight into the design of effective adsorbents for
direct air capture of carbon dioxide. A detailed description of the
procedures for synthesis of adsorbents, material characterization,
and calorimetry experiments can be found in the Supporting
Information (SI).

To explore the impact of amine density on heats of adsorption,
a series of materials was prepared by grafting 3-aminopropylsilyl
groups (APS) onto a presynthesized mesoporous SBA-1S
support with different APS loadings, with the obtained amine
loadings varying from 0.87 to 1.87 mmol N/g. The isosteric heats
of adsorption and adsorption isotherms are compared to those
for bare SBA-15, as shown in Figure 1. The isosteric heat of
adsorption for the material with the lowest amine loading (0.87
mmol N/g) is very similar to that of the bare SBA-15 support.
Thus, even with a significant amount of primary amines on the
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Figure 1. (A) Isosteric heats of adsorption as a function of surface
coverage and (B) adsorption isotherm for aminopropylsilyl function-
alized SBA-1S5 adsorbents at different amine loadings. See SI for
discussion of adsorption capacities.

surface, if the loading is too low, relatively weak binding occurs,
likely due to the low probability of paired amines being available
to create alkylammonium carbamate species (vide infra).
However, as the amine loading is increased, the isosteric heats
of adsorption at a surface coverage close to zero increase
significantly, with the adsorbent with the highest amine loading
of 1.87 mmol N/g reaching an isosteric heat of adsorption of 92
kJ/mol at close to zero coverage.

There are several reports in the literature of an increase in the
amine efficiency with increasing amine loading.'>*® The increase
in amine efficiency as a function of amine loading can be
interpreted as a consequence of the proposed CO,—amine
reaction mechanism under dry conditions, where two amine
groups are typically required to capture one molecule of CO,,
forming alkylammonium carbamates.'”** Hence, a higher
density of amines on the support results in greater amine
efficiency as well as stronger CO, binding. Interestingly, from the
data in Figure 1, there is a threshold loading of amine groups,
after which strong binding increases, with the threshold lying
between 1.2 and 1.4 mmol amine/g using the support employed
here. Similarly, at the highest loading of amines, with a relatively
dense array of amine groups, productive amine—CO,—amine
reactions occur over a wider range of surface coverages, leading
to higher heats of adsorption at elevated CO, coverages. This
effect is demonstrated in terms of average amine spacing in
Figure SS in the SI. The heat of adsorption at zero coverage
increases significantly once the average amine spacing reaches a
value below ca. 11—12 A, assuming all sites are equally spaced.*
Given an amine footprint of ~50 A% which translates to the
amine group being flexible enough to reach up to 4 A away from
its grafting location, amine groups are expected to be able to
interact cooperatively to adsorb CO, at an amine spacing
approaching 8 A.*' The enhancement in the heat of adsorption
between 11 and 12 A is therefore roughly consistent with the
expected footprint of the grafted aminopropyl groups. The
discrepancy may be ascribed to the tendency for amines to cluster
during grafting,** and not be perfectly statistically distributed on
the surface. It should be noted that the nature of the adsorbed
CO, does not significantly change in materials with low and high
amine loadings (1.2 and 1.87 mmol N/g), based on in situ FT-IR
spectra collected at ultralow CO, pressures, which showed the
presence of alkylammonium carbamate species on both materials
(Figures S6 and S7).

There are several reported investigations of the difference of
performance of primary vs secondary amines for CO, capture
using adsorbents at the same amine loading. Zelenak et al®
investigated 3-aminopropyl (APS) and n-methyl-3-aminopropyl
(MAPS) functionalized mesoporous SBA-12 adsorbents at 0.1
bar of CO, in N, and reported amine efliciencies for the APS
adsorbents that were higher than those for the MAPS adsorbents.
Another group reported amine efficiencies for APS function-
alized silica that were 16% higher than those for MAPS
functionalized silica at the same amine loadings, with measure-
ments carried out at 1 bar of CO,.** Didas et al.> reported amine
efficiencies for APS and MAPS functionalized mesocellular foam
silica with similar loadings at ultradilute conditions. In their
report, they observed amine efficiencies for the APS adsorbent
that were more than twice that of the MAPS adsorbent at 0.0004
bar, and about 1.4 times that of the MAPS materials at 0.1 bar. It
was suggested that the higher amine efficiency for primary
amines was a consequence of higher heats of adsorption for
primary amines than secondary amines, and the adsorption heats
were estimated using the Toth equation to model isotherms at
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different temperatures. Apart from the comparison of APS to
MAPS materials, the impact of using different amine structures at
a fixed loading on the efficiency of amine adsorbents is not very
well studied.

To this end, a series of supported amine adsorbents with
different alkyl groups attached to the nitrogen atom in an
aminopropylsilyl framework were synthesized to investigate the
effect of amine structure on CO, adsorption efficiency via direct
isosteric heat of adsorption measurements. In addition to the
traditional 3-aminopropylsilyl (APS) material used, structures
where the amine was substituted with methyl, n-butyl, cyclohexyl,
and phenyl groups were prepared and tested as well. The series
included APS, MAPS, NBAPS, CHAPS, and PHAPS materials
respectively, as shown in Figure 2.
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Figure 2. Different amine adsorbent structures used to study the effect
of amine structure.

Figure 3 shows the measured isosteric heats of adsorption for
the amine structures shown above in addition to the bare
support. The initial heats of adsorption for the APS, MAPS, and
NBAPS materials fall in the same range of ~86—92 kJ/mol. This
observation was surprising, as it is known that primary amines are
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Figure 3. (A) Isosteric heats of adsorption as a function of surface
coverage and (B) adsorption isotherm for amine functionalized SBA-15
with different amine structures.

most effective under air capture conditions and this has been
assumed to be due to a higher isosteric heat of adsorption for
these materials,®® as noted above. However, these results show
that some secondary amines have essentially identical heats, even
in a pressure range where the amounts of adsorbed CO, were
quite different.

Interestingly, the isosteric heat of adsorption for the NBAPS
material starts lower than the APS materials but ends ~6 kJ/mol
(well above instrumental error range; see SI) higher than the APS
materials at the surface coverage corresponding to 0.1 bar of
CO,. This isosteric heat trend of the NBAPS material correlates
well with the observed adsorption isotherm, which shows a
(slightly) lower performance compared to the APS and MAPS
materials at ultralow pressures, and a better performance at
higher pressures. Surface area analysis showed that the NBAPS
materials had a surface area of 252 m?/ g, which is lower than that
of APS and MAPS materials with 295 and 326 m*/g, respectively.
Hence, the enhanced performance of the NBAPS materials at
higher pressure is not likely a result of the differences in the
amount of CO, physisorbed. It may be that the observed
performance of NBAPS at higher pressure is a result of better
amine spacing due to the bulkier n-butyl group in this material.

The isosteric heats of adsorption of the CHAPS material are
lower than the heats for the APS, MAPS, and NBAPS materials
and close to the bare SBA-15 support, starting about 50 kJ/mol
lower than the APS materials at close to zero coverage. This can
be a result of the significant contribution of CO, physisorption
onto the support compared to the overall amount of CO,
adsorbed. It is anticipated that the steric constraints associated
with the cyclohexyl group disfavor chemisorption at the amine
site. The PHAPS material showed the lowest heat of adsorption
of all materials investigated in this study, even lower than the bare
SBA-15 support. This is likely due to the electron-withdrawing
phenyl group resulting in a reduced basicity of the amine group,
making chemisorption at amine sites improbable, while the large
organic groups simultaneously block the few remaining surface
silanols that might bind the CO, via physisorption.

The isosteric heats of adsorption of the APS and MAPS
materials showed similar isosteric heats as a function of coverage,
which is markedly different from what was estimated from
previous studies that applied the Clausius—Clapeyron equation
to isotherms at multiple temperatures as described by the Toth
model.*® As also noted above, these two materials have
significantly different CO, uptakes at ultralow pressures (Figure
1) and different amine efficiencies. The new calorimetric results
reported here suggest that the observed trend in the literature of
higher amine efficiencies for primary amine (APS) adsorbents
compared to secondary amine (MAPS) adsorbents are not due
to enthalpic factors as originally postulated® but instead may
result from entropic factors associated with the extra chain
attached to the amine site (Me in MAPS and n-Bu in NBAPS).
Thus, this work shows that significant errors in the heats of
adsorption can be obtained via the methodology most commonly
used in the literature to estimate adsorption heats, application of
the Clausius—Clapeyron equation to multi-temperature iso-
therm data. For accurate assessment of adsorption enthalpies,
direct measurement of adsorption heats is thus advocated.

In summary, isosteric heats of adsorption were experimentally
measured for a series of supported amine adsorbents in which the
impact of amine density and amine structure was investigated at
low CO, pressures and surface coverages relevant to CO, capture
from flue gas and ambient air. Higher amine loadings resulted in
higher isosteric heats of adsorption, which indicated that amine
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density can influence the heat of adsorption and the amine
efficiency of the adsorbents, likely by promoting effective
amine—CO,—amine interactions in the formation of alkylam-
monium carbamates. A significant jump in the heat of adsorption
occurred at a threshold amine loading between 1.2 and 1.4 mmol
amine/g over this support material, a coverage whereby
productive amine—amine interactions start to readily occur,
promoting adsorption by formation of alkylammonium
carbamate species.

Functionalizing amine sites with bulky or electron-with-
drawing groups resulted in very low adsorption heats and amine
efficiencies. Among the materials composed of only linear alkyl
chains attached to the amine sites, including APS, MAPS, and
NBAPS materials, the measured heats of adsorption at coverages
approaching zero were all similar, yet the primary amine material,
APS, had significantly higher CO, uptake at ultralow pressures
compared to the secondary amine containing materials, which
suggests that entropic factors are important to consider for the
design of amine adsorbents for CO, capture from ambient air
with enhanced efficiencies (see SI for discussion). Primary amine
containing materials remain most effective for CO, adsorption
under air capture conditions, but not due to strictly enthalpic
factors, as was hypothesized previously.
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