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Abstract

Solvent-based CO; capture consumes significant amounts of energy for solvent regeneration.
To improve energy efficiency, this study investigates CO fixation in a solid form through
solvation, followed by ionic self-assembly—aided precipitation. Based on the hypothesis that
CO;3* ions may bind with monovalent metal ions, we introduced Na* into an aqueous hexane-
1,6-diamine solution where CO, forms carbamate and bicarbonate. Then, Na* ions in the solvent
act as a seed for ionic self-assembly with diamine carbamate to form an intermediate ionic
complex. The recurring chemical reactions lead to the formation of an ionic solid from a mixture
of organic carbamate/carbonate and inorganic sodium bicarbonate (NaHCO3), which can be
easily removed from the aqueous solvent through sedimentation or centrifugation and heated to
release the captured CO;. Mild-temperature heating of the solids at 80-150 °C causes
decomposition of the solid CO;-diamine-Na molecular aggregates and discharge of CO;. This
sorbent regeneration process requires 6.5—-8.6 GJ/t CO». It was also found that the organic

carbamate/carbonate solid, without NaHCOs3, contains a significant amount of CO», up to 6.2
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mmol CO,/g-sorbent, requiring as low as 2.9-5.8 GJ/t CO>. Molecular dynamic simulations
support the hypothesis of using Na* to form relatively less stable, yet sufficiently solid,
complexes for the least energy-intensive recovery of diamine solvents compared to bivalent

carbonate—forming ions.

Introduction

Among typical carbon dioxide (CO») capture processes, solvent-based absorption is a widely
investigated method for fossil fuel combustion flue gas and direct air capture because of its high
CO; capture efficiency and adaptability to industrial scale. However, solvent-based CO:
absorption is also one of the most energy-intensive processes because of the high thermal energy
(1 required to regenerate the solvent, which is the largest contributor to the process operating
cost. For instance, the minimum regeneration energy of 30 wt % aqueous monoethanolamine
(MEA), which is a common CO; solvent, is reported to be 2.82 GJ/ton CO,.[?! Reducing the
energy required and cost of CO; capture is key to enabling industrial-scale deployment.

Over the past two decades, amine-based CO; capture solvents have been widely investigated
because their reversible reaction with CO; makes them ideal for separating CO; from CO»-
containing gas mixtures such as flue gas.®! During the regeneration step, three types of heat
contribute to the release of CO; bound to amine molecules in the solvent [Eq (1)]: (1) sensible
heat (Qsen) required for the solvent to reach the regeneration temperature (e.g., 105-110 °C), (2)
heat of vaporization (Q.4) for unintended vaporization of the solvent, and (3) heat of the amine-
CO2 reaction (AHaps):

Qreg = Qsen t Quap + AHgps (1)
Numerous experimental and theoretical efforts have been made to date to lower the total heat
of regeneration, Q4. Several studies have focused on the development of nonaqueous or
water-lean solvents to decrease the Qg and Q4 by replacing water with a low—specific heat
capacity and low—vapor pressure solvent, such as N-(2-ethoxyethyl)-3-morpholinopropan-1-
amine, which has the largest fraction by weight in CO,-loaded aqueous amine solutions.[>¢¢ 4]
A concentrated aqueous amine solution containing less water and more of a low vapor-pressure
diluent would result in lower Q,4,, for the solvent.l! Also, CO: fixation to metal carbonate, such
as CaCOs and MgCOs in the COz-absorbing aqueous amine solvent (e.g., MEA), has been
suggested for chemical solvent regeneration and direct mineral carbon sequestration.[®! Tonic
CO,, such as COs* ions, can bind with positive metal ions such as Ca*", Mg?*, and Ba>" in
solution, resulting in metal carbonate precipitation (e.g., CaCO3, MgCOs3, BaCOs3). Because of

the high decomposition temperature (e.g., ~540 °C for MgCOs;, ~760 °C for CaCOs3,
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800—1,000 °C for BaCO3), CO; regeneration of the carbonate solids may not be economically
feasible. Recently, a metal carbamate supramolecular system was studied by using CO; fixation
to La** and the precipitation of La>(CO3)s (two-step decomposition at 450 °C and 710-730 °C).
[7] For a relatively low regeneration temperature, such as 80—120 °C, soluble bis-iminoguanidine
(BIG) has been considered as a CO solvent/sorbent, which forms an insoluble crystalline
carbonate salt upon reaction with CO, in an aqueous system.’] Methyl-glyoxal-
bisiminoguanidine (MGBIG), for example, has shown promising results in its use in direct air
capture due to its phase-changing behavior and relatively low regeneration temperature
requirements. However, crystallization of BIG compounds with CO: involves water molecules,
and release of CO> from MGBIG is accompanied by the vaporization of three equivalents of
water, thus there is a significant energy penalty (e.g., 10.2 GJ/ton CO,[®)) that need to be paid
during MGBIG sorbent regeneration.

In the present study, a solid CO sorbent matrix was developed for low regeneration energy
using COz-amine-metal aggregate formation. Carbon dioxide was captured in the aqueous
diamine solvent first by forming carbamate and bicarbonate. Then, Na* in the solvent act as a
seed to ion-exchange with the carbamate of diamine and form an intermediate ionic complex,
triggering self-aggregation to form NaHCO; and solid carbamate oligomer. The process is
based on a dynamic self-assembly and is thermally reversible. Several amine molecules were
explored to select a low-energy, highly selective CO» sorbent system based on the following
requirements: low cost for commercial amine ingredients with high CO» loading; amines
soluble in an aqueous solvent before CO; loading; spontaneous precipitation occurring as soon
as a third component (e.g., NaCl, COy) is introduced into the system; and solids formed can be
regenerated under mild conditions (e.g., 80—120 °C). Hexane-1,6-diamine (HD) forms a CO»-
diamine-Na aggregate that meets these requirements. The water-soluble diamine has high CO>
loading (i.e., 1.51 mole COz/mole of amine at 0.5 M) with high cyclic capacity (i.e., 0.81 mole
COz/mole of amine), which can reduce the solvent circulation rate in the CO; absorption process.
(191 Thus, HD may be suitable for point-source capture. Also, compared to the BIG system, the
COz-HD-Na system does not divert any energy to the vaporization of water since the CO>
fixation system is nonaqueous and HD does not face additional complexities encountered by
BIG systems. The by-product, NaHCOs3, has a very wide variety of uses; for example, it can be
used as baking soda, as a cleaning agent, or as a pH buffer in the chemical, medical, and
pharmaceutical industries. It can also be used as a desulfurization or denitrification agent in flue
gas treatment. Our molecular dynamics (MD) simulations help to explain the solid precipitation

behavior observed in the experiments and reveal the governing mechanisms for the formation
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of a large carbamate-diamine-Na aggregate. To the best of our knowledge, the NaHCO; reaction

with NaCl and diamine has not been explored to date in the context of CO» capture.

Results and Discussion

CO: capture, precipitation, and solvent regeneration: Figure 1 shows a schematic of the
novel CO» capture route via formation of phase-changing CO>-diamine-Na solid aggregate,
which requires low regeneration energy because it eliminates the bulk water heating need in the
regeneration process. An industrial alkyl diamine (i.e., HD) was used to form a CO»-responsive
unit for CO; capture. The diamine binds with the absorbed CO> to form reactive carbamate
and/or carbonate ions and thereafter absorbs metal ions from added salts, resulting in solid
precipitation that can then be easily separated from the solution. The COz in the solid is removed
by mild heating, and then the amine and salt are released, allowing for the chemicals to be
recycled for subsequent CO; capture cycles. In general, CO; readily combines with diamines at
ordinary temperatures and pressures to form carbamates, bicarbonate, or carbonate salt of
ammonium cation, in which two amine molecules are held together by an ionic salt bridge.!'!!
A bivalent metal ion salt would more easily bridge two ends but would require higher energy
to separate and reuse the diamine compound. This work investigates the role of monovalent
metal ion salt to self-assemble the diamine derivatives such as carbamate, bicarbonate, and
carbonate to form a precipitated solid, subsequent separation of CO-, and associated energy use

for the recovery of chemicals.
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Figure 1. Conceptual mechanism of proposed CO; capture by a CO:-diamine-salt network
followed by solvent regeneration: (1) water containing salt, (2) diamine added to salty water,
(3) CO; bubbled into the solvent, (4) diamine capturing CO» and aggregating with salt, (5) CO»-
diamine-salt aggregate precipitating, and unreacted solvent being separated, (6) mild heating of
the solid at 80—120 °C applied to release CO>, and (7) the salt and diamine dissolving back into
unreacted solvent once the CO; is released.

Formation of precipitating CO;-HD-Na aggregate: Figure 2 shows results of solid
precipitation by interaction between the NaCl- and CO»-loaded HD solutions. Adding CO> or
NaCl in an aqueous 30 wt % HD solution, as shown in Figure 2a, did not show any solid
precipitation overnight, whereas adding NaCl in the COz-loaded HD solution showed solid
precipitation above a certain concentration (i.e., #6 in Figure 2 is equivalent to 60 g of NaCl per
liter). When NaCl was added in the solution, the salt was completely dissolved and the
transparent solution changed to white within 30 min. Complete solid/liquid phase separation by
agglomeration occurred overnight. Figure 2b and 2¢ show the measured amine concentration
and dissolved CO; concentration in the supernatant of the samples. The amine and dissolved
CO: in the supernatant significantly decreased as more solid precipitated at higher NaCl
concentrations. This behavior indicates that carbamate and/or carbonate ions in the solution
interact with dissolved Na* and precipitate as solid. The CO> removal from the solution by solid
precipitation reached ~40% at 120 g/L NaCl. A similar precipitation behavior was also observed

when CO; was added to an aqueous solution of HD and NaCl (Figure 2). Various diamine
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molecules (e.g., ethanolamine, 1,3-diaminopropane, butane-1,4-diamine, pentane-1,5-diamine)

were tested with the same procedure (Table S1), and only HD showed solid precipitation within

®

30 min.
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Figure 2. (a) Photo of CO;-HD-NaCl precipitation samples at different experimental
conditions: CO; was loaded to 5 mL of aqueous 30 wt % HD solution, and then NaCl was added
from #4 (20 g/L) to #9 (120 g/L) in the CO»-loaded solution with an increasing salt amount (100
mg). (b) Corresponding amine concentration of the supernatant solution. (¢) Amount of CO>
and corresponding CO> removal efficiency from the supernatant.

The large-scale atomic simulation revealed that the electrostatic interactions of Na® and
negative oxygen atoms in carbamates initiate the aggregation of the carbamate—Na ionic bonds.
However, a larger cluster cannot be formed without amine molecules. The van der Waals (vdW)
interaction between hexane-carbamate and hexane-diamine molecules allows for the formation
of a larger cluster in the form of a solid phase by preventing ions from being concentrated,
whereas shorter diamine molecular systems cannot form large clusters with the diamine
molecules due to the weaker vdW interactions.

CO: regeneration energy from the CO:-containing precipitate: The high thermal energy
required to regenerate CO»-containing aqueous amine solution has been a great challenge for
amine-based CO> capture technology. Most regeneration energy is consumed for water
vaporization during the regeneration process because the temperature of solvent regeneration is
near the boiling point of the solvent, and because of the relatively high heat capacity and
enthalpy of vaporization of water. Therefore, we employed a centrifugal process for solid/liquid

phase separation prior to regeneration. To quantitatively evaluate the degree of regeneration
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energy reduction, we monitored the weight loss and corresponding heat flow of the CO»-HD-
Na solid system at elevated temperatures and compared the results with those of the CO>-HD
system and NaHCO3, which is expected to be a by-product of the thermal decomposition of
COz-HD-Na system, as shown in Figure 3a. Notably, CO,-HD solid precipitation in the
absence of NaCl could be obtained when 50 wt % HD aqueous solution was loaded with CO»,

whereas the 30 wt % HD aqueous solution did not produce any precipitate, as shown in Figure

2(a).
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Figure 3. (a) Weight loss and (b) heat flow vs temperature for the CO»-HD-NaCl (300 mg)
system, CO2-HD system, and NaHCO3, as measured by TGA/DSC with a heating rate of 5
K/min.

Both CO,-HD and CO,-HD-NaCl systems began to exhibit weight loss above 80 °C. The CO»-
HD system demonstrated a single-step regeneration process (red in Figure 3), whereas the CO»-
HD-NaCl system exhibited a distinct two-step regeneration process (black in Figure 3) when
heated from 30 to 250 °C at a heating rate of 5 °C/min. The transition between the regeneration
steps for the CO,-HD-NaCl system was observed around 128 °C. This transition temperature

was similar to the point at which NaHCO3 began to decompose into Na>COs (blue in Figure 3).
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Therefore, the low-temperature regeneration that occurs between 80 and 120 °C is likely a result
of CO; evolution from carbamate, as well as the loss of HD on heating, whereas the high-
temperature regeneration that occurs beyond 128 °C is caused by the conversion of NaHCOs3 to
NazCO;. The ratio of organic CO2-HD and inorganic NaHCO3 in the CO2-HD-NaCl system can
be affected by the reaction time and scale [Figure S12]. At a large-scale reaction (e.g., 50 mL
of aqueous 30% HD solution), the portion of organic CO>-HD appears to be much higher than
for a smaller-scale reaction (e.g., 5 mL). As a result, the remaining amount of Na,COs3 above
200 °C is ~10 wt.%. Due to the larger portion of organics, the two-step TGA profiles and DSC
peaks were merged into a single degradation profile and a single peak, respectively. The residual
(e.g., NaxCOs, melting point = 851°C) was completely thermally degraded beyond 800 °C.
Using the weight loss and corresponding thermal energy for the conversion, the total thermal
energy for CO> regeneration is presented in Table 1, including the CO; content, heat of
desorption, sensible heat, and heat of vaporization of the samples. The CO2-HD-NaCl system
required a regeneration energy of 6.5-8.6 GJ/t COz, while the CO»-HD system required 2.9-5.4
GJ/t COz. The higher regeneration energy of the CO2-HD-Na system compared to that of CO»-
HD is presumably due to a higher decomposition energy required for conversion of NaHCOs3 to
NayCO;. All regeneration energies calculated in this study were obtained after the removal of
the aqueous solution via a centrifugal process. Among the solid sorbents, the precipitating CO-
sorbent concept of CaCOs  Glyoxal-bis(iminoguanidine) and  Methylglyoxal-
bis(iminoguanidine) systems is similar to our CO2-HD-Na and CO»-HD systems. The CO>-HD
solids appear to require significantly less regeneration energy out of all the solid sorbents

reported in the literature.
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Table 1. Comparison of regeneration energy requirements for various solid sorbents. The procedure for the heat data acquisition is
provided in the Supporting Information.

AHpesorption |  AHsensible AHvapor. AHototal (GJ/t Regen. CO2 Ioading Estimation
Sorbent (GJICO2) | (GJIt CO2) | (GIIt CO2) 02) temp. (°C) | (mmol CO2/g-sorbent) method Reference
CaCOs 4.1 2.2 — 6.3 900 10rich t0 Olean — 12l
Methylglyoxal- _
bls(lmlnoguanldlne) 6.3 1.1 2.8 10.2 100-120 4 1vich t0 Olean DSC el
Glyoxal-
2.8 0.7 0.9 44 DSC (sen[;?éhgi]meat
NaHCOs 4.7 0.7 0.9 6.3 80-200 11.9ich t0 5.9ean EXperimentaI and enthalp
3.2 0.7 0.9 4.8 Theoretical | of formation
[16]
CO2-HD-Na 4.0 25 — 6.5 80-200 5.6rich to 0.94ean :
(this work) — — — — — | (6.0t —7.20n) t03.76ean | D°C R
CO2-HD [16]
2= .
(thlS Work) 2.2-3.5 0.7-1.9 — 29-54 80-200 5.1rich — 6. 2rich DSC (Sﬁg;kl’.))le
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Precipitation mechanism for the CO2-HD-Na aggregate: To understand the solid precipitation
with HD, we performed MD simulations. From the trajectories of the molecules, we obtained
solvent accessible surface area (SASA) values. The SASA values are a measure of the contact area
between molecules and solvents. SASA analysis can be used to describe dynamic changes of
complex systems, such as proteins, in solution. The approach can capture the structural changes
based on the localized information of molecules. One may consider the evolution of vdW or
Coulombic energies in an in-depth analysis. However, it is difficult to capture the local information
of molecules due to the relatively long radius cutoffs of vdW (~12A) and charge interaction (>12A).
On the other hand, SASA only accounts for a short interaction (~2A). High SASA values indicate
that the molecules are well dissolved in the solvent, whereas low values or a descending trend
represent aggregation. We provide SASA values of i) amines, ii) carbamates, and iii) amines-
carbamates to identify the contributions of amine molecules in the aggregation, which provides in-
depth insight on how the length of amine molecules can affect the clustering behavior in the
experiments. First, we developed 30 wt % diamine solutions in full-atomistic simulations (see
Supplementary Note 1 and Figure S3) to confirm that all diamine molecules were well dissolved.
Then, we developed the diamine-carbamate-NaCl system to understand the mechanism of
precipitation observed in our experiment (Figure S4). The overall model construction process is
similar to the amine-water systems described in the Experimental Methods. Instead of using pure
diamine molecules, we replaced half of the diamine molecules with carbamate (50%) in a 5 wt %
NaCl solution. We added Na* to compensate for the negative charges of the carbamate molecules.
We performed NPT simulations for 20 ns with a 1 fs time step and observed that oxygen in the
carbamates interacted mainly with Na* (see Movies #1 and #2 for propane and hexane).

Figure S5 shows the evolutions of SASA values of amine-carbamate complexes with Na* (see
Supplementary Note 2). Only the SASA of carbamate in the hexane-diamine system appears to
slowly decrease compared with the others. This behavior indicates that hexane-diamine and
carbamate aggregate together, whereas carbamate molecules mainly aggregate in other systems.
To see the difference more clearly, we performed the same simulations with a lower amine
concentration (10 wt %) (see Movies #3 and #4 for propane and hexane) because the complex
structural and dynamics differences are not clearly observed at a high amine concentration (30
wt %). Figure 4 shows the amine-carbamate-Na complex. Carbamate is more likely to be

concentrated near Na clusters in all systems. For the hexane-diamine, amines are more
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concentrated near the complex than in other systems, consistent with the SASA analysis of the 30

wt % concentration.

Diamine + Carbamate + Na Carbamate + Na Diamine + Na

Figure 4. The amine-carbamate-Na complex after 20 ns with 10 wt % amine solution. The left
panel shows both amine and carbamate with Na; the middle panel shows only carbamate with Na;
the right panel shows only amine with Na. As the chain length decreased from hexane (a) to
pentane (b) to butane (¢) to propane (d), the size of the aggregate also decreased. Most importantly,
the hexane-diamine system showed more amine molecules involved in the complex.
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Figure 5a shows a schematic of the mechanisms observed in MD simulations and evolutions of
hexane-diamine and carbamate (10 wt %) with SASA (Figure S6 shows the evolution of SASA
contributions of each component). Furthermore, the SASA value of diamine-carbamate (v3) of
10 wt % was not as stabilized as that of 30 wt % in Figure S5. A high concentration of diamine is
needed for the final stage of aggregation. The HD molecules at 10 wt % dissolved back into the
water after 10 ns. Furthermore, we explored the possibility of a complex formation through

protonated hexane-diamine and carbamate interactions (see Supplementary Note 3 and Figure S7).
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Figure 5. (a) Schematic of atomic-scale mechanisms for the precipitation of the amine-carbamate-
Na complex. The carbamate of short amines can only interact with Na*, which is difficult to form
a larger-scale cluster. In the hexane-diamine system, carbamate can interact and be stabilized
through van der Waals interaction (green dot lines) with amine molecules. More neutral amine
molecules in the complex prevent the electrostatic interactions of Na* and negative oxygen atoms
in carbamates from being concentrated, allowing the formation of a larger cluster. (b) Temporal
evolution of SASA and corresponding structures in each snapshot of the amine-carbamate complex
from the initial configuration, clearly showing the clustering dynamics during the MD simulations.
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Chemistry of the CO:-HD-Na complex: The precipitated solid particles contain diamine-
carbamate, NaHCOs3, and NaCl. SEM-EDS in Figure 6(a) shows that the chemical composition of
precipitated solid includes carbon, nitrogen, oxygen, Na, and Cl. Carbon, nitrogen, and oxygen
reveal a COs-reacted HD oligomer with HONCOO™ or HCO3™. The presence of carbamate and
bicarbonate in the precipitated solid is further quantified with solid '"H and '*C NMR. The full 13C
MultiCP spectra for the CO2-HD-Na samples are shown in Figure S8. The spectra are quite similar,
both with the amine peak (20—50 ppm) and carbonyl peak (164—-166 ppm). The carbonyl region
shown in Figure 6b was focused to quantify HONCOO™, H,NCOOH, and bicarbonate. The amounts
of HONCOO /H:NCOOH and bicarbonate from COz-HD-Na were 74% and 26%, respectively.

Based on characterization, carbamate was present in the oligomer.
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Figure 6. (a) SEM-EDS of the precipitated solids (CO2-HD-Na). Red dotted circles indicate
NaHCO:;3, and yellow dotted circles indicate NaCl. (b) 1H/13C HECTOR NMR spectrum of a
CO:-HD-Na solid specimen. Inset is carbon spectra of the carbonyl group in the range of 156176
ppm. (¢) XRD patterns of the dry precipitated solid and annealed solid at 120 °C for 30 min. CO»-
HD solid precipitation without the presence of NaCl could be obtained when 50 wt % HD aqueous
solution was loaded with CO;. (d) FTIR spectra during regeneration. The peak at around
2,500 cm™! corresponds to released CO,, and the peaks at approximately 1,500 and 4,000 cm™!
correspond to released water vapor.
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Based on the SEM-EDS spectra of solid particles, XRD patterns, as shown in Figure 6(c), support
that the precipitated solid contains NaCl, NaHCO;, and CO-HD after the centrifugal separation
process, and NaCl and Na,COs after regeneration at 120 °C. The three crystalline peaks at 11°,

21°, and 24° are associated with organic crystalline from the CO>-diamine reaction (Figure S9).

When 50 wt % HD aqueous solution was loaded with CO, until saturation, the entire solution was
solidified without the presence of NaCl (see Supplementary Note 3 and Figure S9). This behavior
indicates that a protonated diamine in HD can be solidified with CO- at highly concentrated
solutions. For example, a carbamate oligomer can be synthesized via the polymerization of HD
with CO; directly at 180 °C and 11.5 MPa for 6 h.[!”] Notably, NaHCO3 forms as a by-product in
this CO2-HD-Na aggregate reaction. The CO2-HD-Na aggregate synthesis route, as investigated
in this study, has not been reported in any previous studies. The crystalline structure changed after
thermal annealing at 120 °C for 3 h. The CO-HD organic crystalline peaks were not present, and
new crystalline peaks occurred at the low angle regimes. Also, the NaHCO; was thermally
decomposed and new crystalline peaks (i.e., NaxCO3) were observed in the annealed powder. In
general, NaHCOs3 thermally decomposed to Na,COs3 above 120 °C (i.e., 2 NaHCO3 — Na,CO3 +
H>O +CO> at > 120 °C). The NaCl peaks were intact after thermal annealing. The thermal
decomposition features of the CO2-HD-Na aggregate imply low energy CO- regeneration. In situ
FTIR spectroscopy, as shown in Figure 6d, was performed to analyze the exhaust gases from
decomposing samples during the TGA/DSC measurement. Significant CO; peaks at 500 and 2,500
cm! arose with the mass losses around 12 min at 80 °C, which correspond to the decomposition
of the CO»-HD. The water peak at 1,500 cm ™! arose around 20 min, corresponding to an annealing
temperature to 120 °C. This peak could be associated with the decomposition of NaHCO:> to
Na>CO3 with H,O and CO; evolution. Notably, the regenerated powder can be recycled (Figure
S10). Approximately 80 wt% mass loss occurred via the thermal regeneration at 120 °C for 1 hr,
and the content of non-decomposed solid (presumably NaCOs3) in the regenerated powder
significantly increased with increasing the CO; loading (Figure S12). The regenerated CO>-HD-
Na solids were added to the supernatant from the centrifugal solid/liquid separation after aggregate
formation, although they were not fully regenerated from CO>. Adding the regenerated solids
(possibly Na>2COs, NaCl, and organics) to the supernatant liquid led to solid precipitation again,

which reduced the CO; and amine concentration of the new supernatant liquid. The second cycle
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of precipitated solids fix CO; as carbamate and bicarbonate, with a ratio of 5.10+0.14 mmol
COy/g-sorbent (n=4) (Figure S11). The total amount of the second precipitation increases with the
increasing amount of regenerated solids. It appears that temperature and other energy input (e.g.,
sonication) accelerate the kinetics and extent of CO2-HD-Na agglomeration. Further in-depth
analysis will be conducted in future work.

Mechanism of CO:-HD-Na aggregate formation and regeneration: Figure 7a illustrates the
overall chemical reactions that occur during CO> absorption, precipitation, and regeneration at
elevated temperatures. When COsz is dissolved in the HD/NaCl aqueous solution, zwitterions are
generated through the chemical reaction of the primary amine within HD and CO». These transient
zwitterions then transform into various ionic CO; species in the aqueous HD, such as carbamate,
carbonate, and bicarbonate. The chemical equilibrium for carbonate/bicarbonate formation has
been reported to be dependent on the pH level of the aqueous solution; as the pH decreases, the
system shifts towards the formation of bicarbonate.l'¥! Since CO, acts as a weak acid when
dissolved in the aqueous medium, it is expected that the pH level of the diamine/NaCl aqueous
system will be relatively lower with the addition of excessive CO». Thus, the preferred species

formation would be bicarbonate rather than carbonate.
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+H,0
RNHCOy +RH;* s=——== RNH, + HCOy + RNH;*
-H

1640

i 1491
(2) Aqueous HD (30 wt%) without CO, 1555 14361318;23
1640 N Z//

(3) Aqueous HD (30 wt%) with CO,

Il. Precipitation

[1] RNHCO, +RH;*  —NA'CL RNHCO, No* |

Intensity (a.u)

Na* CI

[2] RNH,+ HCO3 + RNH;* RNH, + RNHz* + CI- + NaHCO3 |

(4) Precipitate of (3) before regeneration

. Regenercﬁon (5) Precipitate of (3) after regeneration
(1] RNHCOz + RNHg" —— RNH, + COl 4000 3500 3000 2500 2000 1500 1000
[2] 2NGHCO;————— Na;,CO; + CO,f+ HoO1 Wavenumber (cm™)

Figure 7. (a) Overall chemical reaction during (I) CO, absorption, (II) precipitation, and
(III) regeneration. (b) Corresponding FTIR spectra of (1) solid HD, aqueous HD (2) with and
(3) without CO> captured, and CO-containing precipitate (i.e., CO.-HD-Na) (4) before and
(5) after regeneration.
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In general, the CO; capture process is considered reversible and is controlled by temperature. In
this study, CO> was regenerated at elevated temperatures. Since the precipitates contain not only
Na>COs but also a significant amount of carbamate induced by the metal aggregation, a two-step
decomposition process was observed (Figure 3) for the carbamate and bicarbonate species. The
carbamate species can be regenerated at temperatures above 80 °C, releasing CO», and the
NaHCO; can be decomposed into NaxCOs at temperatures above 120 °C, releasing both CO; and
water molecules. The Na>xCO3 can be decomposed to Na,O and CO» at 851 °C and used to capture
CO; in the presence of H>O to reversely form NaHCOs at <100 °C.[1°]

To confirm the chemical reactions involved in CO: absorption and desorption using the diamine
and/or NaCl solution, FTIR analysis was conducted on samples of neat HD, aqueous HD with and
without CO», and CO:-containing precipitate before and after regeneration, as depicted in Figure
7b. Neat HD has two amine groups at the opposite ends of its aliphatic backbone. Figure 7b(1)
shows that two characteristic amine peaks were observed at 3,329 and 1,606 cm™!' because of
nitrogen—hydrogen stretching and hydrogen—nitrogen—hydrogen bending.['8] Additionally, two
strong peaks of symmetric and asymmetric aliphatic stretching were recorded at 2,932 and 2,863
cm LU71 The FTIR spectra of aqueous HD in Figure 7b(2) present two characteristic peaks of
oxygen-hydrogen stretching and its overtone at 3,368 and 1,638 cm™! because of water.!!¥! The
addition of CO; to the aqueous HD created new peaks at 1,300—1,600 cm ™! in Figure 7b(3) because
of the formation of carbamate at 1,556 and 1,492 cm™!, and of bicarbonate at 1,491, 1,388, and
1,321 c¢cm L.[201 Figure 7b(4) shows clear attribution of carbamate and bicarbonate in the CO»-
containing precipitate with minimal water peaks. Furthermore, characteristic HD peaks were
detected, as well, because of the carbamate compound induced by the metal aggregation. With the
COz-containing precipitate heated at 120 °C for 4 h, Figure 7b(5) clearly shows a strong peak of
Na,COs at 1,428 cm™!, supporting the conclusion that one of components in the precipitate before

heating was NaHCO3.[2!]

Conclusions

A novel approach for solid CO; fixation by NaCl was investigated in various diamine molecular
systems, and low thermal regeneration of solid sorbents was demonstrated using CO»-hexane-
diamine-Na solid particles, which can be easily separated from the aqueous solvent. Carbamate

diamine molecules, after capturing CO., and Na* chelate to form large molecular networks. Then,
p g g
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multiple chemical reactions occur to form a Na*-induced carbamate oligomer and NaHCOs3,
resulting in solid precipitation. Systematic MD simulation revealed that the interaction between
carbamate and unreacted hexane-diamine molecules can be stabilized through van der Waal forces,
in contrast to smaller diamine molecules. The neutral amine molecules in the carbamate-diamine-
Na aggregate prevent electrostatic interactions of Na* and negative oxygen atoms in carbamates,
allowing the formation of larger clusters. As a potential breakthrough strategy for thermal energy
reduction in CO; capture, the separated solid sorbent releases the absorbed CO- with a relatively

low heat requirement.

Experimental Methods

CO»-derived precipitation: Commercially available reagents (i.e., ethanolamine,
ethylenediamine, 1,3-diaminopropane, butane-1,4-diamine, pentane-1,5-diamine, HD) were
purchased from Aldrich Chemical Co., Acros Organics, and Alfa Aesar and were used without
further purification. Various concentrated aqueous diamine solutions (10-30 wt %) were prepared
with alkyl-derivative amine molecules to explore solidification via formation of the CO>-diamine-
Na aggregate. The CO»>-diamine-Na aggregate was formed by sparging pure CO2 (99.9%, Airgas)
into 50 mL of aqueous diamine solution for 10 min. After the solvent was cooled to room
temperature, CO> loading was continued for another 10 min to fully load the solvent at room
temperature. Then, a chloride salt (e.g., Li*, Na*, K*, Mg?*, Ca®") was added to the CO,-loaded
amine solvent under mechanical stirring until full dissolution. To investigate the influence of the
mixing sequence, the diamine solution was added to a salt solution at a concentration of 5-20 wt %.
Then, pure CO2 was sparged to 5 or 20 mL of the diamine/salt solution for 10 min. The CO»
loading procedure was continued for another 10 min. All mixtures were stored overnight for
precipitation to occur. After solid agglomeration, the solid was separated by a centrifuge at 3,000
rpm for 10 min. All samples were dried at 60 °C overnight in a vacuum oven before additional
measurements.

Materials characterization: Scanning electron microscopy (SEM) and energy-dispersive x-ray
spectroscopy (EDS) were carried out using a field emission scanning electron microanalyzer
(Merlin, Carl Zeiss AG). X-ray diffraction (XRD) measurements were conducted using a
PANalytical X'Pert Pro MPD equipped with an X'Celerator solid-state detector. For the XRD

measurements, x-rays were generated at 45 kV/40 mA, and the x-ray beam wavelength A was
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1.5418 A (Cu Ka radiation). Thermal analysis of weight loss and heat flow was carried out with
an SDT 650 (TA Instruments, New Castle, DE) with alumina pans under nitrogen atmosphere at a
flow rate of 100 mL/min. A relatively small amount of sample (~5 mg) was prepared to minimize
the thermal lag on heating. The weight loss and heat flow were simultaneously monitored on the
first heating at 5 K/min from 30 to 250 °C. All samples for the thermal analysis were dried at 60 °C
overnight in a vacuum oven. The iS50 Nicolet Fourier-transform infrared (FTIR) spectrometer
(Thermo Fisher) was used to analyze the composition and onset of CO; in the gases generated
during the thermal regeneration of the CO»-diamine-salt solid complex in the SDT Q650.

Solid-state nuclear magnetic resonance (NMR) experiments were performed on a Bruker Avance
IIT 400 MHz NMR spectrometer using a triple resonance 3.2 mm MAS probe. Furthermore, 13C
T1 experiments were attempted using Torchia -CP T1 experiments, but the null point was not
reached even after a 1,000 s delay time, making direct detection schemes unfeasible. The 1H T1
was estimated using a standard inversion recovery sequence to be ~20 s. Hartmann—Hahn match
conditions using a ramp CP were optimized and used for the MultiCP sequence. The MultiCP was
performed with multiple blocks of 0.50 ms ramp CP spaced by a 50 s of 1H repolarization time
and a final CP of 0.25 ms followed by an echo readout. The number of CP blocks was optimized
and found to saturate around 10—12 blocks with minor decay at 16 and 20. Total alkalinity, CO»
amount, and CO; loading measurements in the solution were conducted using a Metrohm Titrando
888 and the dynamic equivalent titration method incorporated in the software (i.e., tiamo). For the
amine solvent, 0.6 g of solution sample was diluted with 100 mL of DI water. Then, acid-based
titrations were performed at ambient temperature to determine the consumed acid (HCI, 1.0 N)
and base (NaOH, 1.0 M) volume at the final equivalence point and its molarity. The CM140-01
Total Inorganic Carbon Analyzer consisting of the CM5330 Acidification Module and CM5017
CO; Coulometer Module was used to determine inorganic carbon content in solid samples. Airflow
of 100 mL/min was used as the carrier gas, and calculations were based on sample weight; 1 M
Na>COs solution was used as a standard. Pre-fined solid samples (40-60 mg) were weighted into
small Teflon cups, and the entire cup was transferred into a 15 mL sample flask. A volume of 5
mL of 2 M HCI acid was dispensed to acidify each sample. Solid samples were analyzed in

duplicate.
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Thermal energy determination: The total regeneration energy required for solid samples (i.e.,
NaHCO3, CO2-HD-Na, and CO>-HD) was estimated using the following thermodynamic

equation:

J
AHi:otal <;) = AI_Idesorption <+) + AHsensible <—) (1)

Isample Isample Isample

Simultaneous thermogravimetric analysis (TGA)/differential thermal calorimetry (DSC) was used
to directly estimate the total regeneration enthalpy required (i.e., AH;,tq;). To estimate the enthalpy
of desorption, we calculated the sensible heat using data found in literature regarding the specific
heat capacities of NaHCO3;, CO,-HD-Na, and CO,-HD.['¥] The sensible heats of solids were

estimated using the following equation:

Qsensible = Cp - AT ()

where Cp is the specific heat capacity (J/g °C), and AT is the temperature range of interest (30 to
250 °C). For NaHCO3, the specific heat capacity reported by Haynes et al. [!3 was used. Once the
values for the enthalpy of desorption, total enthalpy, and sensible heat were estimated, these
numbers were used to estimate regeneration energy required per-COz basis (i.e., GJ/t CO.) using

Equation 3:

Total CO, Reg. E. (J/g CO,) = Heat energy (J) 1000 g sample 1mol CO,

Weight loss (g sample) 1 kg samplexCO, content (mol CO,/kg sample) ~ 44g CO,
€)
Computational modeling: MD simulations were performed via the LAMMPS package ??! to
understand the mechanism of precipitation observed in the experiments. From 1,3-diamino
propane to HD, the atomic structures of each molecule and their carbamate were generated from
Simplified Molecular-Input Line-Entry System (SMILES) strings using Open Babel software 23],
as shown in Figure Sla and S1b. We used the antechamber tool 4] to assign the general AMBER
force field (2] parameters. The diamines are neutral, and carbamates have a negative net charge

(=1) during the point charge estimations through the AM1-BCC model.[! In addition, protonated

HD was built by assuming a net charge of +1. The Transferable Intermolcular Potential with 3
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Points (TIP3P) model (27 for water was utilized, and the parameters of van der Waals and charges
for Na and CI were obtained from a previous study [2!1. We used the Moltemplate program [2°! to
build the initial geometries of diamines, carbamates, NaCl ions, and water. The whole systems
developed in our models were charge-neutral, and long-range electrostatic interaction was
calculated through a particle-particle particle-mesh method.

We initially generated models of four different diamines and water to check whether the diamine
molecules were well dissolved in water at 30 wt % diamine as the experimental conditions. Figure
S2a shows the initial configurations. Using Moltemplate, 10 x 10 x 10 water molecules and 4 x 4
x 4 diamine molecules were assigned in a simulation box of 80 x 80 x 80 A. The space between
water molecules and diamines along the X, y, and z axis was set to 7 and 20 A, respectively. The
positions of diamine molecules were adjusted to not overlap with other water molecules. Initially,
the molecules were relaxed with a Langevin thermostat at 10 K for 10 ps. Then, using the
Berendsen thermostat and barostat, we condensed the structures further at 300 K and 200 atm for
approximately 40 ps. We reduced the applied pressures from 200 to 100, 10, and 1 atm for more
than 10 ps at each pressure. In the condensation stage, we further ran the simulation at 300 K and
1 atm for 50 ps using a more elaborate Nosé—Hoover chain NPT ensemble. Figure S2b shows the
case with the hexane-diamine and water molecules. We replicated the condensed box with 2 x 2 x
2 units to have a large simulation box (7 x 7 x 7 nm) and ran 10 ps at 350 K and 1 atm using the
Berendsen thermostat and barostat. For the final run, each model was further relaxed in production
MD simulations using the Nosé—Hoover chain NPT ensemble at the same conditions for 10 ns
with a 1 fs time step.

Subsequently, we built models with carbamate and NaCl ions. Figure S4 shows the initial
configurations. The overall process is similar to the process for the diamine-water systems. Instead
of using pure amine molecules, we replaced half of the amine molecules with carbamate (50%)
and added 16 NaCl ions for 5 wt %. Additionally, 16 Na* were added to compensate for the charge
of carbamate molecules. Figure S4b shows the hexane-diamine system after the condensing
process. For the final run, we performed the Nosé—Hoover NPT simulation at 350 K and 1 atm for
20 ns with a 1 fs time step. We also developed a lower concentration (~10 wt %) to observe a more
distinct difference between hexane-diamine and other systems. We reduced the amine and
carbamate molecules for the 10 wt % system but did not change the NaCl ion concentration. The

other processes described were kept the same for relaxation.
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Sodium ions serve as seeds for ionic self-assembly with diamine carbamate, leading to the
formation of an intermediate ionic complex and the creation of an ionic solid that allows low-
temperature solvent regeneration.
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