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We report homogeneous catalysts that are soluble and stable in
primary amine-based CO, capture solvents. The zinc(II) and
cobalt(III) complexes, which contain electron-donating multi-
dentate anionic ligands, perform catalytic CO, hydration at
unparalleled observed rates under conditions conducive to
industrial post-combustion carbon capture processes.

The control of greenhouse gas emissions is arguably the most
complicated environmental policy facing the U.S. and industrialized
world."* An approach that is gaining a significant amount of interest
in the control of CO, emissions is CO, capture from stationary fossil
fuel combustion sources using aqueous amine-based solvents such as
ethanolamine.*'? Such carbon capture systems are estimated to
increase the overall costs of electricity by 85% ($66/ton CO,
captured) over twenty years levelized cost.'” Therefore in order to
meet the Department of Energy’s (DOE) target of $40/ton of CO,
captured, new strategies are needed to reduce the large capital and
operational costs associated with post-combustion carbon capture.
With current technology, only primary and secondary amines have
potential to be employed to achieve target costs, but still requires a
~50% reduction in both capital and O&M costs.

CO, hydration may be a key step in CO, capture using amine-based
solvents, the rate of which can be increased through the use of
catalyst mimics of carbonic anhydrase (CA) metalloenzymes (Fig.
la). CAs catalyse the hydration of CO, (Fig. 1b) at ambient
temperatures and physiological pH with the highest known rate
constant (~10° M's™) of synthetic catalysts and natural enzymes.'*'°
The rate of CO, hydration makes CAs an attractive option for
improving the efficiency of post-combustion CO, capture, but the
frailty of these proteins renders them inactive in the harsh conditions
associated with industrial processes such as high pH, high ionic
concentrations, and temperatures above 100 °C."7 While CAs cannot
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Fig. 1 (a) Representation of the active site of a carbonic anhydrase
enzyme, showing three histidine residues and a hydroxide group
coordinating to a zinc metal center.'® (b) Proposed mechanism of
CA showing 1) deprotonation, 2) CO, activation, 3) bicarbonate
formation, and 4) bicarbonate substitution with water in which N
atoms come from histidine residues.

be employed in industrial conditions, they serve as a template for
development of biomimetic catalysts for carbon capture.

Significant catalytic and mechanistic work has been performed on
active site mimics, of which (Zn(cyclen)(H,0))[C10,], is one of the
most well studied and active.'®? However, recent results from our
laboratory show high levels of inhibition of these catalysts resulting
from strong anion coordination, severely limiting their utility in the
highly concentrated amine solvents required by post-combustion
capture.”* The zinc center is highly electron deficient, and therefore
easily coordinates anions, inhibiting the fourth reaction in Fig. 1b.
The cationic complex attracts anionic species such as bicarbonate
into its secondary coordination sphere to maintain charge balance,
which drives the equilibrium to the bicarbonate bound species. These
two factors lead to low catalytic activity of CO, hydration under
industrial carbon capture conditions.
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Fig. 2 A depiction of the chemical structures of the cobalt and zinc
catalysts core in the solid state.

No reports of homogeneous CO, hydration catalysts show activity in
concentrated (30 wt%) primary amine-based carbon capture solvents
under conditions conducive to post-combustion capture.”>*® Previous
studies have focused on dilute tertiary amine or carbonate solutions
(e.g. slow kinetic solvents) and performed under pseudo-first order
conditions in CO,.'%!2! Even with the enhancement from a catalyst,
those solvents are still > 50% less reactive than primary amines
under utility flue gas conditions. Ultilization of homogeneous
catalysts in primary amines for post-combustion carbon capture is
plagued with difficult challenges, including requirements that the
catalyst be water soluble, water and air stable, and redox inert. The
complexes made here are soluble and stable in concentrated amine
solutions over weeks at ambient temperatures and are stable in
thermal cycling experiments. Reported herein are the exceptional
activities of homogeneous zinc(Il) and cobalt(Ill) complexes
containing water soluble and stable salen-like ligands®’ as catalysts
that enhance the overall mass transfer of concentrated primary amine
solvent absorbents for carbon capture from dilute gas streams.

To assay the effects of water-solubilizing groups on the ligand and
the choice of metal center on overall mass transfer enhancements, a
series of structurally similar complexes were prepared (Fig. 2).
Following reported procedures,”® a dark brown cobalt(IIl) complex
(C1P) was isolated as an octahedral cobalt(III) center with the salen-
like ligand occupying the basal plane and two ammonia molecules
occupying the apical sites. Utilizing these same methods, zinc(Il)
complexes were isolated either as a 4-coordiante, bright yellow
mono-metallic complex (C3I), or as a pale yellow bimetallic species
(C3P) where each zinc center has tetrahedral geometry, and both
complexes contain one ligand molecule. A crystal structure of C3P
is shown in Fig. S3, and crystallographic data and structure
parameters are shown in Table S1 in the Supporting Information.

Flowing a counter current stream of simulated flue gas over a liquid
film of 30 wt% MEA in the presence of C1P, C3I, or C3P in a
wetted wall column at 40 °C resulted in up to a 34% increase in
mass transfer coefficients (Fig. 3) whereas (Zn(cyclen)(H,0))[SiFs]
showed no enhancement in activity (Data not shown). As seen in
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Fig. 3 Overall mass transfer coefficients vs. CO, loading of 30
wt% MEA (black line) and 30 wt% MEA containing with 2.3 g/L
CI1P (blue line), C3I (green line), or C3P (red line) obtained using
the wetted-wall column set-up at 40 °C.

Table 1. Mass transfer enhancements from CAER catalysts.

[Catalyst] Mass
Iy S (g/L) Transfer®
1 MEA 0 1
2 MEA + C1P 2.3 1.23
3 MEA + C3I 2.3 1.34
4 MEA + C3P 2.3 1.34

130 wt% aqueous MEA. "Average mass transfer over the solvent
working range of a. = 0.35 - 0.45 normalized to MEA set as 1.0.

Table 1, the overall mass transfer in MEA solutions increased by >
20% over the working range of a = 0.35 - 0.45 (where a is CO,
loading (mol CO,/mol MEA)) (Fig. S4). The enhancement in mass
transfer remains fairly constant over the working range, even at high
CO, loadings with a decreased amount of free amines. It is
reasonable to expect that a larger enhancement at higher CO, loading
as the amount of free amine decreases. However, as CO, loading
increases, the solution viscosity increases causing the physical mass
transfer resistance to become more significant. Such increased
resistance partially counterbalanced the enhancement by catalyst,
which may results in the trend as shown in this work. In addition, the
increased ionic strength may have a negative affect the activity of
catalyst.

The overall mass transfer of the system is approximated using a
pseudo first order approximation (eq 1), where the catalysts
contribution is bundled into the k, term (eq 2) where k is ~6000 M
's! and [amine] is ~5 M'5%

Dcoz*kze[amine]
Hcoz

k,[amine] = k,ps = k[amine] + k[cat]

(M
@

therefore, with a catalyst loading of 2-3 mM, k’ needs to be ~1 x 10°
M s in order to contribute to the overall ks (eq. 1 and eq. 2) This
rate estimate is approximately two orders of magnitude larger than
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Fig. 4 Three CO, loading and solvent regeneration via heat cycles in 5SM MEA (black and grey lines) in the presence of 2.3 g/L C1P (a,
dark and light blue lines), C3I (b, dark and light green lines), and C3P (c, red and orange lines).

the current state-of-art [Zn(cyclen)(H,O)]*" catalyst system at
catalyst concentrations and reaction conditions consistent with post-
combustion capture. When the active zinc center is replaced with
cobalt, approximately a one third drop in mass transfer is observed.
This follows the same trend observed in human CA when a Co(Il) is
substituted for the Zn(II) in the active site, and is most likely caused
by a drop in the Lewis acidity of the metal center as well as the more
favourable coordination of Lewis bases to the cobalt center.”
Analysis of these reactions mixtures post CO, loading by UV-vis
spectroscopy gave > 90% spectroscopic yield of catalyst. No
enhancement is observed in the presence of the metal salts ZnCl, or
CoCl,, suggesting that the increase in mass transfer is not catalysed
by decomposition products. No enhancement is observed in overall
mass transfer in the presence of the enzyme, carbonic anhydrase,
when tested in the breakthrough solvent evaluation apparatus,
showing another limitation of CA that is not observed with our
catalyst: activity in concentrated primary amines (Fig. S5). The
addition of catalyst has a negligible effect on solvent pH, viscosity,
and surface tension. The sum of these data suggest that the enhanced
mass transfer is attributed to the catalytic activity of C1P, C3I, and
C3P, and not to physical changes in the solvent with catalyst
addition (see Table S2).

At high CO, loadings (a > 0.40 where a is CO, loading in mol CO,/
mol MEA), carbon capture solutions contain a large concentration of
anions such as carbamates and bicarbonates. These species are
known catalyst inhibitors and are typically the main cause of poor
catalytic activity.>*° The addition of up to 100 eq. of NaH"CO; to
D,O solutions of C1P, C3P, or C3I show only 1 peak for the
bicarbonate-derived peak in the '>C NMR spectra, suggesting that
these complexes strongly disfavour bicarbonate coordination and
that the equilibrium lies heavily to the left. Titration of up to 100
equiv. bicarbonate into H,O solutions of C1P, C3P, or C3I showed
no change in their respective UV-vis spectra. However, addition of a
large excess (10*-10° eq.) of sodium bicarbonate to a C3I solution
resulted in a decrease the absorbance at 355 nm corresponding to the
metal complex, and the appearance of a shoulder at 395 nm (Fig.
S6). The addition of large excess of sodium bicarbonate to C1P or
C3P showed no observable change in the UV-visible spectra. An
isosbestic point is observed at 375 nm suggesting a simple A > B
process without the formation of intermediates. The most likely
explanations for the change in the UV-vis spectra are 1) coordination
of [HCO;]™ to the zinc center, a scenario that suggests strongly
disfavoured bicarbonate coordination, or 2) deprotonation of the
[Zn-OH,]*" core to generate [Zn-OH]", resulting in a change in the
electronic structure. This scenario is plausible considering the pKa of
bicarbonate to carbonic acid is ~6.5 and would suggest that the metal
bound aqua proton is less acidic.

This journal is © The Royal Society of Chemistry 2012

The complexes discussed here contain anionic ligands that donate
electron density into the metal center, thereby facilitating
bicarbonate/anion dissociation and increasing CO, hydration rates.
The higher electron density of the catalyst core as well as the
covalently attached cationic water solubilizing groups may serve to
remove anionic bicarbonates/carbamates from the secondary
coordination sphere and away from the metal center. We propose the
above as key features in achieving catalytic rates large enough to
contribute to the overall mass transfer in concentrated primary
amine-based solvents, thereby increasing the rate of CO, absorption.
Two possible mechanisms of action can explain the increased rate of
absorption: either the catalysis of CO, hydration (eq 3) or the
conversion of bicarbonate to carbamate in the presence of primary
amines (eq 4). The increase in rate could be due to either of these
reactions or both and cannot be determined easily without altering
the reaction conditions, moving them away from actual carbon
capture process conditions.

H,0 + CO, - [HCO3]~ + HY
RNH, + [HCO3]~ > [RNHCO,]~ + H,0

3)
C))

The cobalt(Ill) and zinc(II) complexes effects rapid absorption of
CO, into the amine solvent to afford captured CO,. The mechanism
for CO, absorption and catalyst speciation is difficult to determine
due to the complex nature of performing the reactions in
concentrated amines, and in a dilute gas stream (14% CO,) in order
to mimic conditions observed in industrial settings. The capture
solvent contains a complex mixture of amines, carbonates, and
carbamates in equilibrium. Efforts to experimentally determine a
mechanism will fundamentally change this equilibrium and the
behaviour of the reaction. For example, stop-flow UV-vis and NMR
experiments would require dilute solutions and/or be saturated in
CO..

The rate of CO, absorption is measureable in tertiary amines using a
delta pH method.>' The use of tertiary amines removes the ability of
the amine to react with CO, directly, therefore simplifying the
solution speciation, and any enhancement will most likely come
from the direct reaction of CO, with the catalyst complexes, similar
to the proposed mechanism for CO, hydration by CA. Flowing a
14% CO, gas stream through a methyldiethanolamine (MDEA)
solution containing 1 mol% CI1P afforded a rapid drop in pH, while
the pH drop in the absence of CIP was significantly slower (Fig.
S7). Tertiary amines are unable to react directly with aqueous CO,
and serve as a proton sink (eq. 3). Catalysts C3P and C3I were only
slightly soluble in 0.2 M aqueous MDEA solutions and formed a
fine suspension which was unsuitable for CO, absorption studies.
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A second possible mechanistic pathway could be direct insertion of
CO, into the amine to form a carbamate. These complexes have a
rigid ligand scaffold imparting a semi-rigid, 4-coordinate geometry.
This orientation would make it difficult for the complexes to assume
the required octahedral geometry with a cis-amine and -CO, ligand
needed for direct insertion of CO, into the amine. A migratory
insertion pathway would require the amine to be coordinated as a
deprotonated, anionic species that is highly unlikely given the pH of
the system. There are no reported examples of zinc(II) complexes
performing a CO, insertion reaction under conditions similar to
those observed in carbon capture. There are examples of CO,
insertion into zinc hydride bonds. However, it is not well
precedented, and the only examples involve monomeric zinc
hydride complexes such as [k’-Tptm]ZnH and [Tp"]ZnH
derivatives.”>>’ To test this mechanistic possibility, we removed
H,O from the system in order to shut down the hydration pathway.
For this purpose, we performed CO, breakthrough investigations in
30 wt% MEA in DMSO. When water is removed from the system,
there is no observed enhancement in mass transfer (Fig. S8).
However, this possibility cannot be ruled out at the current state.
The sum of the experimental data reported herein is most
consistent with the CO, hydration mechanism proposed for CAs. A
more detailed investigation is required to fully understand and
delineate the mechanism and speciation of the metal catalysts in
complex solution environments observed at conditions conducive
to industrial carbon capture and is the subject matter for a future
manuscript.

The cyclic (thermal) stability of the catalyst was tested by
performing multiple carbon loading and solvent regeneration
cycles. The rate of accelerated CO, hydration was measured using

a delta pH method while the solvent regeneration was performed
by bubbling N, through the heated (80 °C), carbon loaded solution
for 75 min.** The cobalt-based catalyst C1P maintains its activity
for five cycles over the typical solvent window (three cycles are
shown in Fig. 4a). However, the zinc-based catalysts C3I and C3P
showed steady decreases in activity after each regeneration cycle
until no enhancement was observed after cycles 3 and 5,
respectively; three cycles are shown in Fig. 4b and 4c. Analysis of
the deactivated reaction mixture by UV-vis spectroscopy confirms
the presence of unmetallated ligand. This result suggests that the
most probable cause for the drop in activity is from demetallation of
the zinc center at elevated temperatures.

The apparent stability of C1P was very encouraging and warranted
further investigation at higher temperatures relevant to those
observed in the stripper column of carbon capture systems, i.e. 120
°C. Heating solutions of 30 wt% MEA in the presence of C1P at 120
°C for 145 h resulted in no observable decomposition of the complex
when analyzed by UV-vis spectroscopy (Fig. S9). The activity of the
catalyst, post-heating, was assayed via pH-drop, and no loss in
activity was observed (Fig. 5). Assuming a 10% resonance time in
the stripper, this process would correlate to ca. 2 months of
continuous operation. At this point, the thermal reclaiming of the
solvent to remove heat-stable degradation products will remove the
small amount of catalyst additive. The catalyst will therefore be
required to be added with the capture solvent during solvent makeup.

The economics, cost, and environmental impact of the complexes
discussed here will play a major role in the decision making process
for industrial use in carbon capture systems. The synthesis of
complexes C1P, C3P, and C3I utilize easily acquired, and cost
effective, reagents and do not require complicated workups for
isolation or purification. These complexes are isolated in high yield
and purity via simple filtration from the reaction mixtures. The
simplicity of the synthesis will allow for simple scale-up utilizing

4| J. Name., 2012, 00, 1-3

currently practiced industrial synthetic processes. We estimate the
cost of the catalyst to be ~$0.25/L of carbon capture solvent, which
roughly equates to $100/MW of electricity generated. The low cost
of the catalyst is a requirement, as it would be removed in the
thermal reclaiming process of the solvent. Since our catalysts are
low cost they do not add a significant increase to the overall cost of
the solvent, and the benefit outweighs the added cost. It is also
important to consider the potential environmental implications of
adding metal complexes to the solvent, which will, at some point,
need to be disposed. The carbon capture solvent will most likely
contain metal salts of Fe, Cr, As, Se, and Mn derived from the coal

I = =[=- : 30% MEAI after healting I
10.4 --0=-- 30% MEA + 2mM C1P after heating
: —w— 30% MEA 7
10 | _
T
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Fig. 5 CO, hydration activity via delta-pH of 30% MEA baseline
(blue —w—) and 30% MEA in the presence of 2 mM CI1P (red
—e—) without exposure to high temperatures, and 30% MEA
(blue --H~--) and 30% MEA in the presence of 2 mM CI1P (red
-=-0=-) after being heated at 120 °C for 145 h.

and corrosion products, which will classify the solvent as a
hazardous waste and be required to follow proper disposal
procedures. The addition of small amounts of our cobalt or zinc
catalysts will not change this classification, and will not add any
additional requirements in case of a spill or leak.

Conclusions

In conclusion, we have demonstrated for the first utilization of
homogeneous catalysts for the enhancement of CO, absorption into
concentrated amine-based aqueous solvents. Compared to previously
reported CO, hydration catalyst systems, we observed enhancements
of up to 34% in the highly concentrated primary amine solutions,
which requires unprecedented second order rate constants. Key to
success is the use of anionic, water-soluble salen-like ligands that
donate electron density into the metal center. The electron donation
facilitates the dissociation of the formed bicarbonate, typically the
rate limiting step, regenerating the catalytically active species, under
basic conditions. The increase in mass transfer by our catalyst would
translate to ca. 30% reduction in the volume of the absorber tower
for a 550 MW plant which relates to ca. 15% reduction in capital
costs. Assuming a cost of $300/kw for the construction of the
absorber tower, this correlates to savings of ~$25M.
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