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ABSTRACT: Direct air capture (DAC) represents a vital technology for atmospheric CO2 remediation, but few studies have tested
catalysts at dilute atmospheric CO2 concentrations. Inspired by the carbonic anhydrase metalloenzyme, we report a catalytic DAC
strategy employing robust zinc(II) enzyme mimics that enable efficient CO2 sequestration pathways. A catalyst-mediated CO2
hydration cycle in aqueous sorbents facilitates accelerated capture from dilute atmospheric air, thereby addressing the kinetic
limitations observed in carbonate-based systems. Our developed complexes [ZnC1] and [ZnC2] enhance capture rates up to 2-fold
at millimolar concentrations and improve the CO2 mass transfer by 40−60% in 1 M K2CO3 sorbent under ambient conditions.
These bench-stable, earth-abundant zinc catalysts operate effectively under dilute CO2 concentrations, overcoming the kinetic
limitations of conventional carbonate-based sorbents. Mechanistic studies support a biomimetic catalytic cycle that facilitates rapid
CO2 conversion, demonstrating that a catalyst-assisted DAC can enable energy-efficient, scalable carbon capture technologies.

■ INTRODUCTION
Atmospheric carbon dioxide (CO2) concentrations have
increased from preindustrial levels of approximately 280 ppm
to around 430 ppm in 2025 primarily due to anthropogenic
activities. The rapid increase in atmospheric CO2 concen-
tration is a major driver of global climate change, contributing
to global temperature rise, ocean acidification, sea level rise,
altered precipitation patterns, and widespread ecological
disruption.1−4 These environmental impacts present significant
challenges for both natural ecosystems and human soci-
eties,1,2,5 underscoring the urgent need for effective and
sustainable negative-emission technologies (NETs) to mitigate
CO2 accumulation.6,7 Among the emerging NETs, direct air
capture (DAC) has emerged as a promising NET for reducing
atmospheric CO2 accumulation.8−11 Unlike conventional
carbon capture systems, which target concentrated emission
streams (10−20% CO2) at point sources (steel plants and

industrial facilities),12−16 DAC removes CO2 from ambient air
(∼430 ppm).8−11

This approach offers unique advantages in mitigating both
hard-to-abate emissions and CO2 accumulated in the
atmosphere.17,18 Current DAC technologies are primarily
based on liquid sorbent systems, employing aqueous
hydroxides and alkanolamines, or solid sorbent systems,
utilizing materials such as metal−organic frameworks
(MOFs), zeolites, and amine-functionalized polymers.19−22

Several large-scale DAC facilities are now operational or under
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construction, including projects in Iceland (36 kt of CO2/year,
operational 2024) and the United States (500 kt of CO2/year,
operational 2025).

However, the fundamental challenge with DAC is the
extremely low concentration of atmospheric CO2 (∼430 ppm)
compared to point-source systems, which creates severe kinetic
constraints.23−25 In alkaline DAC systems, these kinetic
limitations appear clearly despite thermodynamically favorable
CO2 absorption; the process exhibits sluggish absorption
kinetics due to slow gas−liquid mass transfer.26−30 Such kinetic
limitations translate into severe technical and economic
barriers for large-scale DAC deployment. Current systems
require high regeneration energy (>100 °C, 150−200 kJ/mol
CO2)

26 and suffer from significant capacity degradation (20−
30% loss over 100 cycles)31,32 and capture costs of $400−
1,000 per ton CO2,

33−35 far exceeding the ∼$100 per ton
threshold for economic viability. Moreover, the energy
requirements for sorbent regeneration alone accounts for
60−80% of total operating costs.19,20,34,36 The International
Energy Agency projects that achieving 7.6 Gt CO2 removal
annually by 2050 with existing DAC technologies could
consume 10−20% of global electricity production,18,37 under-
scoring the urgent need for advances in catalyst design to
improve reaction kinetics.

Nature offers a highly efficient solution for CO2 capture
through carbonic anhydrase (CA), a metalloenzyme that
accelerates CO2 hydration up to 106-fold.38,39 At its active site,
CA features a tetrahedral zinc(II) active site, coordinated by
three histidine residues, catalyzing CO2 hydration via
sequential water activation followed by zinc-OH nucleophilic
attack.38,40,41 This exceptional catalytic efficiency inspires
researchers to develop biomimetic catalysts. Early complexes
such as [Zn(cyclen)(H2O)][ClO4]2 established key design
principles,42−53 including (a) tetradentate ligand frameworks
for enhanced stability in aqueous solvents, (b) superior
catalytic efficiency of zinc(II) over cobalt(III) due to enhanced
Lewis acidity, and (c) the critical role of the secondary
coordination sphere.45,46,54−56 Biomimetic catalysts based on
these principles have demonstrated substantial improvements
in point-source carbon capture, achieving 40−60% enhance-
ments in CO2 absorption rates.45,50,51 Recent advances further
highlight the importance of secondary coordination sphere
modifications, such as incorporating additional hydrogen
bonding sites, which significantly enhance catalytic perform-
ance in the CO2 hydration reaction (H2O + CO2 → H+ +
HCO3

−).42,45,47,50,51

Although catalysts have shown strong promise in point-
source CO2 capture, their use in direct air capture at low
atmospheric concentrations has still been largely unexplored.
This represents a fundamental gap in DAC technology
development and motivates the present study. While
biomimetic catalysts have proven effective in concentrated
CO2 streams (10−20%),42,45,47,50,51 no systematic study has
evaluated catalyst performance under the extreme kinetic
constraints imposed by atmospheric conditions (∼430 ppm).
The questions of whether molecular catalysts can overcome
these barriers in practical DAC systems and how catalyst
design principles must be adapted for dilute atmospheric
capture remain unanswered. Moreover, catalyst integration
with economically viable sorbent systems, particularly carbo-
nate-based media that offer lower regeneration energies (1.5−
2.5 GJ/t CO2) compared to amine systems (3.5−4.5 GJ/t
CO2), has not been systematically investigated.34,57−61

The implementation of catalyst-assisted DAC must also
consider system integration and regeneration strategies. In
aqueous alkaline DAC systems, captured CO2 reacts with
KOH to form potassium carbonate (K2CO3) and bicarbonate
(KHCO3) species, requiring continuous hydroxide regener-
ation through closed-loop processes.19,29,62,63 The conven-
tional lime loop involves causticization of K2CO3 with
Ca(OH)2, producing KOH and CaCO3, with calcination of
CaCO3 at ∼900 °C, releasing high-purity CO2.

64−67 Our group
has demonstrated electrochemical regeneration of hydroxide
from carbonate/bicarbonate solutions using bipolar membrane
electrodialysis (BMED), which produces alkaline hydroxide
solutions and concentrated CO2 streams while avoiding high-
temperature calcination.63 Integration of biomimetic catalysts
with BMED regeneration systems represents a promising
direction for closed-loop DAC operation. However, Schiff-
based ligands are susceptible to hydrolysis under acidic
conditions. For practical BMED integration, catalyst separation
before the electrochemical regeneration step or development
of heterogeneous immobilized catalysts with enhanced pH
stability will be necessary for closed-loop operation. Foaming
in liquid sorbent systems can reduce mass transfer efficiency,
cause equipment fouling, and lead to sorbent carryover.50,68−70

Traditional antifoam additives used to reduce the foaming
behavior may interfere with the catalyst performance and
require separate recovery systems. Therefore, developing
catalysts that minimize foaming while maintaining high activity
represents another critical design consideration for econom-
ically viable DAC technology.

To address this critical technological gap, we report the first
systematic study of catalyst-assisted DAC, introducing a series
of zinc(II) enzyme mimics specifically engineered for
operation in aqueous carbonate media under ambient
atmospheric conditions. Building upon our previous work
developing biomimetic catalysts for amine-based sol-
vents,50,71,72 our design strategy emphasizes secondary
coordination sphere modifications that promote CO2 hydra-
tion through strategic hydrogen bonding and polar inter-
actions. The developed complexes [ZnC1] and [ZnC2] exhibit
2-fold enhancement in capture rates at millimolar catalyst
concentrations, 50% improvement in absorption efficiency
with 1 M K2CO3 sorbent, and 40−60% augmentation in CO2
mass transfer under ambient conditions. These bench-stable,
earth-abundant zinc catalysts operate under mild conditions
and function at dilute atmospheric CO2 concentrations. The
enzyme-mimetic mechanism provides a molecular framework
for understanding the enhanced capture kinetics. This
preliminary study establishes fundamental structure−activity
relationships and catalytic mechanisms that provide a
foundation for next-generation heterogeneous catalyst systems
compatible with electrochemical regeneration pathways for
practical DAC deployment. Mechanistic investigations support
a biomimetic catalytic cycle that circumvents the sluggish
kinetics of conventional carbonate systems. This work
establishes catalyst-assisted DAC as a viable strategy for
atmospheric CO2 reduction and provides a foundation for
next-generation carbon capture technologies that bridge the
performance gap between thermodynamically favorable
carbonate systems and kinetically superior amine systems.
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■ EXPERIMENTAL SECTION

Catalyst Synthesis
For catalyst employment in large-scale commercial DAC applications,
the ease of synthesis, purification efficiency, and synthesis cost
represent critical components. The synthetic route must be amenable
to multikilogram scale production while maintaining high purity
standards. The raw material costs approximately 15−20% of the total
catalyst production cost, with synthesis and purification contributing
an additional 25−30%. The developed complexes are synthesized via
four streamlined synthetic steps (see the Supporting Information),
wherein the desired products are obtained as solids by simple
precipitation or recrystallization, which can be collected by filtration
without requiring chromatographic purification or extensive workup
procedures. This simplified approach minimizes waste generation and
reduces the synthesis time, making the catalysts economically viable
for large-scale applications. We synthesized the precursor 2-hydroxy-
5-chloromethyl-benzaldehyde and its morpholine derivative 2-
hydroxy-5-(morpholino methyl)benzaldehyde according to the
literature procedures. The corresponding salen ligands (L1 and L2)
and their zinc(II) complexes ZnC1 and ZnC2 were prepared via
Schiff base condensation and subsequent metalation following
adapted literature methods.50

CO2 Capture Evaluation
Catalyst performance under DAC conditions was assessed using a pH
drop monitoring technique adapted from established methods.45,73

The experimental setup consists of a 30 mL gas−water saturator, a
single mass flow controller, a glass impinger, a pH probe, and a three-
neck round-bottom flask containing 25 mL of capture solution
(Figure 1). Both the saturator and impinger are made of Pyrex. A

compressed air stream containing ∼430 ppm of CO2 was saturated in
the water-filled saturator (20 mL) and bubbled at a controlled flow
rate of 0.5 L/min into the capture solution. The pH probe goes
through the other neck of the round-bottom flask to record the
continuous pH changes over time. The rate of pH decrease is directly
related to CO2 absorption kinetics, providing a quick screening
method for catalyst performance evaluation under standard
conditions.

Quantitative CO2 capture rates and loading capacities were
measured using breakthrough analysis.4,45 The setup includes a 30
mL Pyrex gas saturator, a single mass flow controller, a glass impinger,
a three-necked round-bottom flask with 25 mL of capture solution,
two condensers for moisture removal, and a nondispersive infrared
CO2 analyzer (GM-70, Vaisala) (Figure 1). A compressed air stream
containing ∼430 ppm of CO2 was saturated in the water-filled
saturator (20 mL) and bubbled through the capture solution. The
effluent gas was condensed using the condenser, dried with drierite to
remove moisture, and then passed through the analyzer for
continuous CO2 concentration data collection at 1 min intervals.
The difference between inlet and outlet CO2 concentrations indicates
the immediate CO2 capture at a specific moment, and integrating this
concentration difference over time provides the CO2 capture rate as
shown in eq 1.

=
C C t

dt
CO2 capture rate(mol CO /min)

( ( ))
t

2
0 in out

(1)

in which Cin is the initial CO2 concentration in mol, Cout is the CO2
effluent concentration in mol at that time, and t is the time in minutes.
The breakthrough method provides a more precise analysis compared
to the pH drop technique, providing the capture rates and total CO2
loading capacity. The continuous monitoring enables the detection of
saturation behavior and the assessment of catalyst stability over
extended operating periods.

Foam formation during gas−liquid contact is a significant
operational concern for liquid-phase DAC systems, as excessive
foaming can reduce volumetric mass transfer coefficients, result in
equipment fouling, and cause sorbent carryover losses.69,70,74 The
foaming behavior was systematically examined to evaluate the effect of
gas-bubble interactions on the overall mass transfer efficiency and the
catalyst efficiency. The experiments were carried out in a 1 L
cylindrical volumetric flask using a sintered glass diffuser (60 μm
nominal pore size). A compressed air stream containing ∼430 ppm of
CO2 was saturated in the water-filled saturator (20 mL) and bubbled
at a controlled flow rate of 0.5 L/min into 100 mL of 1 M K2CO3
solution, both with and without catalyst (0.03 mmol of catalyst). The
scale marked on the volumetric flask was used to measure the foam
height, H(t), over time.

■ RESULTS AND DISCUSSION

Rational Catalyst Design and Synthesis

Carbonic anhydrase (CA) is widely recognized for its
extraordinary ability to accelerate the hydration of CO2 into
bicarbonate. This remarkable activity of CA is attributed to the
finely tuned coordination environment surrounding its Zn(II)
center, supported by secondary interactions that facilitate
proton transfer and substrate orientation with precision.
Inspired by the structural feature of this natural enzyme, we
set out to design and synthesize a series of Zn(II) complexes
supported by salen-based ligands, to mimic the key geometries
of CA, and to evaluate their efficacy in catalyst-assisted DAC
via CO2 hydration.

Salen ligands have several advantages for designing
biomimetic catalysts due to their easy synthesis, tunable
electronic properties, and flexible coordination geometries
around metal centers. They offer tetradentate chelation,
enhancing complex stability compared to monodentate or
bidentate alternatives and providing a critical structural
stability for operation in an aqueous medium under ambient
conditions. Considering the versatility and robustness of salen
ligands, we synthesized morpholine-based salen ligands to
enhance secondary sphere interactions. We chose the morpho-
line group for its ability to form hydrogen bonding networks as
well as its basic nitrogen center, which can participate in
proton relay mechanisms, mimicking the CA active site. In
biomimetic catalytic systems, tertiary amines may serve as
secondary-sphere proton-transfer mediators rather than direct
CO2 hydration catalysts, similar to histidine residues in
carbonic anhydrase.38,39,54−56 The catalytic hydration mecha-
nism requires two essential structural features: (1) a Lewis-
acidic metal center (Zn2+) that activates CO2 and (2) a metal-
bound hydroxide nucleophile (Zn-OH) that attacks the
electrophilic carbon. Meanwhile, free tertiary amines can
promote CO2 absorption via base-catalyzed proton acceptance
at molar concentrations (2.5−5.0 M) used in industrial amine
scrubbing for flue gas.75,76

We synthesized two Zn(II) complexes (ZnC1 and ZnC2)
via Schiff base condensation between o-phenylenediamine or

Figure 1. X-ray crystal structure of the ZnC1 complex.
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4-bromo-o-phenylenediamine with 5-(morpholinomethyl)-
salicylaldehyde. Then, we metalated these Schiff base ligands
with ZnCl2/Zn(OAc)2·2H2O under reflux in ethanol (Scheme
1). The complexes ZnC1 and ZnC2 contain salen-type ligands
that have phenyl and bromophenyl frameworks, respectively.
We obtained both complexes as air-stable solids with yields
>95%, and their complexation was confirmed by 1H NMR
spectroscopy. Mass spectrometry analysis confirms the
mononuclear nature of the complexes, showing molecular
ion peaks that match the suggested structures. UV−vis
spectroscopy showed characteristic ligand-to-metal charge
transfer bands in the 350−450 nm range, further confirming
the complexation. Both complexes dissolve well in polar
organic solvents and demonstrate remarkable thermal and
oxidative stability, which is essential for catalytic direct air
capture applications in aqueous media.

To our delight, we observed the single crystal of the ZnC1
catalyst, and it crystallized in a monoclinic system with space

group C2/c. Single-crystal X-ray diffraction analysis reveals a
distorted square planar geometry for ZnC1 around the Zn(II)
center coordinated by two imine nitrogen and two phenolic
oxygen donors from the tetradentate salen ligand. The four-
coordinate geometry index τ4 = 0.32 (calculated as τ4 = [360°
− (α + β)]/141°, where α and β are the two largest L−Zn−L
angles) confirms geometry closer to square-planar (τ4 = 0)
than tetrahedral (τ4 = 1), with the Zn−N and Zn−O bond
distances (1.97−2.05 Å) comparable to other salen-Zn(II)
complexes. Full crystallographic parameters are provided in
Table S3 (Supporting Information).

The ZnC1 complex has a phenyl backbone that maintains
ligand geometry more symmetric and planar and promotes
efficient orbital overlap. In the case of the ZnC2 complex, we
are unable to isolate a single crystal, whereas from 1H NMR
analysis, we observe steric distortion in the ZnC2 complex,
having distinct sets of protons. The bromo substituent causes
steric distortion in the ligand framework, which in turn can

Scheme 1. Synthesis of the Zinc(II) Complex

Figure 2. Laboratory testing of our catalyst for CO2 hydration and the corresponding data plots.
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hinder the orbital overlap efficiency and affect the catalytic
efficiency. The electron-withdrawing nature of the bromine is
further reflected in the downfield shifts of the 1H NMR signals
for protons adjacent to the metal coordination sphere. The
combination of structural stability, electronic properties, and
secondary sphere functionalization makes these complexes
promising candidates for catalyst-assisted direct air capture.
Catalytic Evaluation for CO2 Capture

We systematically tested Zn(II) complexes ZnC1 and ZnC2 to
evaluate their catalytic efficiency in enhancing CO2 mass
transfer in aqueous potassium carbonate solution under direct
air capture (DAC) conditions. We designed a small-scale
testing apparatus with a round-bottom flask containing the
catalyst and liquid sorbent (25 mL of 1 M aqueous K2CO3). A
compressed air stream containing ∼430 ppm of CO2 was
saturated in the water-filled saturator (20 mL) and bubbled at
a controlled flow rate of 0.5 L/min (Figure 2). We used two
different methods to measure the catalyst performance: the pH
drop method, which is a quick screening method to check how
many protons are released during the catalytic hydration of
CO2 to bicarbonate, and the breakthrough solvent evaluation
method, which gives us a precise CO2 capture rate.

We conducted initial baseline measurements without a
catalyst to evaluate the CO2 absorption capacity of the 1 M
K2CO3 sorbent, providing a reference for assessing the catalytic
enhancement. The uncatalyzed system captured only about
20% of the CO2 from air, corresponding to a rate of 0.72 μmol
of CO2 per minute. This low capture efficiency highlights the
kinetic limitations of the uncatalyzed DAC system using a 1 M
K2CO3 sorbent at low atmospheric concentrations (∼430
ppm). In contrast, after the addition of ZnC1 and ZnC2
complexes, we observed a promising enhancement in CO2
mass transfer within 5 to 10 min, highlighting their catalytic
efficiency in the CO2 hydration reaction under DAC
conditions. We evaluated the catalytic efficiency of ZnC1
and ZnC2 using the pH drop method to monitor proton
release (eq 2) during CO2 hydration into bicarbonate.45 This
method helps in quick comparison of different catalysts with
variable concentrations. In the absence of a catalyst, the pH
slowly dropped to pH 11.3 over the course of 600 min,
indicating that the CO2 hydration in carbonate solutions at
DAC conditions is naturally slow. In contrast, the addition of
ZnC1 (17 mg, corresponding to 0.030 mmol) dramatically
accelerated the pH drop, with the solution reaching pH 11.3 in
200 min, representing a huge improvement in reaction rate.

Similarly, the catalyst ZnC2 (20 mg or 0.030 mmol) also
showed similar catalytic activity, reaching pH 11.3 in 300 min
(Figure 3, left).

Control experiments using ligand-only and metal salt
(ZnCl2)-only systems showed no measurable rate enhance-
ment relative to the uncatalyzed baseline (Figures S4 and S5,
Supporting Information), confirming that the observed
catalytic activity requires both the salen ligand framework
and Zn(II) coordination. This is consistent with literature
reports showing that Schiff-base ligands require metal
coordination for CO2 hydration activity.4,50,72 Throughout
the 600 min testing period, both ZnC1 and ZnC2 showed
steady activity with no sign of catalyst deactivation, ligand
dissociation, or metal leaching.

To measure the capture rate enhancement in the presence of
ZnC1 and ZnC2 under DAC conditions, we performed a series
of breakthrough capture analyses using CO2 concentration
monitoring data. The uncatalyzed system captured only about
20% of the CO2 from air, corresponding to a rate of 0.72 μmol
CO2/min, whereas after the addition of ZnC1 catalyst, the
capture rate doubled, reaching up to 1.5 μmol CO2/min, while
ZnC2 reached 1.2 μmol CO2/min (Figure 3, right). ZnC1 and
ZnC2 clearly enhanced the CO2 hydration reaction under the
DAC conditions. The catalytic enhancement of 2.1-fold in the
case of the ZnC1 catalyst and 1.7-fold for the ZnC2 catalyst
represents a critical parameter for the large-scale DAC
applications.50,72,77 The better performance of ZnC1 is due
to its more planar ligand geometry, which enables better orbital
overlapping, better substrate interactions, electron delocaliza-
tion, and ligand field stabilization. This can improve electron
delocalization between the ligand and the metal center, making
the metal center more active. On the other hand, the bromine
substituent in ZnC2 causes small geometric distortions in the
ligand framework, hindering the orbital overlap and electron
delocalization and, as a result, minimizing the reactivity of the
metal complex. All of these factors make ZnC1 a better catalyst
and increase its activity for the CO2 hydration reaction under
DAC conditions.

A comprehensive analysis of total mass transfer50,72 further
confirms the catalyst-assisted enhancement observed under
DAC conditions (Figure 4). The time-dependent CO2 capture
profiles showed that the catalyzed systems not only exhibit
faster initial rates but also achieve higher total loading
capacities. The total mass transfer coefficients were calculated
according to

Figure 3. (Left) pH drop testing of complexes ZnC1 and ZnC2 in 1 M K2CO3 solution and blank 1 M K2CO3 solution. (Right) Carbon capture
rate of ZnC1 and ZnC2 in 1 M K2CO3 solution and blank 1 M K2CO3 solution.
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The total mass transfer data demonstrate that the presence
of ZnC1 and ZnC2 catalysts significantly enhances the total
mass transfer compared with the catalyst-free 1 M K2CO3
system under similar conditions. Further, the total CO2 loading
capacity measurements (Table 1) highlighted higher CO2

loadings of 0.200 and 0.121 mol/kg in the presence of ZnC1
and ZnC2 compared to only 0.023 mol/kg without a catalyst,
representing 8.7- and 5.3-fold improvements, respectively.
These findings highlight the strong catalytic effect of both
complexes in facilitating CO2 absorption under DAC
conditions, with ZnC1 outperforming ZnC2 due to its
favorable structural features.
Concentration-Dependent Catalytic Activity
To elucidate the relationship between catalyst concentration
and capture rate,78 we conducted systematic kinetic experi-
ments using different ZnC1 and ZnC2 loadings from 5 to 50
mg (corresponding to 0.008−0.08 mmol catalyst concen-
trations) (Table 2, Figure S2 and S3 in Supporting
Information). The concentration dependence capture rate
analysis is crucial for optimizing the catalyst loading and
identifying the minimum effective catalyst concentration that
ensures economic viability. For both ZnC1 and ZnC2, capture
rates increased similarly with an increase in catalyst
concentration from 0.008 to 0.030 mmol, indicating first-
order kinetics with respect to catalyst concentration in this
range. It reflects that the catalyst aggregation or deactivation is
negligible at low to moderate concentrations, with each
molecule catalyzing the reaction. The ZnC1 catalyst reached
its maximum capture rate of 1.51 μmol/min at 0.030 mmol,
while ZnC2 achieved 1.23 μmol/min at the same loading.
Beyond this point, we observed no significant improvement
even at higher concentrations (up to 0.080 mmol), reflecting
the saturation behavior. This saturation indicates that once the
gas−liquid interface is sufficiently populated with catalytic
sites, further increases in bulk catalyst concentration do not
accelerate interfacial reaction kinetics. Instead, the rate-limiting
step shifts from the availability of catalytically active sites to the
mass transfer of CO2 across the gas−liquid boundary. Similar
saturation phenomena have been reported in point-source
capture systems operating at elevated CO2 partial pressures
(10−20%), suggesting that interfacial saturation is a general
feature of catalyst-enhanced gas absorption.79−82 Importantly,
the catalytic enhancement observed at such low concentrations
underscores the potency of these biomimetic catalysts and
their potential for scalable DAC deployment. The effective
concentration of 0.030 mmol is substantially lower than typical
loadings used in point-source capture, highlighting the
potential for cost-efficient implementation in an industrial-
scale DAC process.
Two-Film Theory Analysis and Mass-Transfer Regime
To rigorously assess whether the observed plateau at higher
catalyst loadings results from mass-transfer limitations, we
performed a comprehensive two-film theory analysis. This
analysis calculates the enhancement factor (E) and Hatta
number (Ha), which quantifies the relative importance of the
chemical reaction versus diffusion in the liquid film. We

Figure 4. Mass transfer in the presence of complexes ZnC1 and ZnC2
in 1 M K2CO3 solution.

Table 1. Physical Properties of the Solvent in the Presence
of ZnC1 and ZnC2 Catalysts

sample
density
(g/mL)

CO2 loading
(mol/kg)

additional CO2 loading
(mol/kg)

1 M K2CO3 1.119 1.03
loaded 1 M
K2CO3

1.123 1.05 0.023

Zn-C1 1.118 0.99
loaded Zn-C1 1.125 1.20 0.2
Zn-C2 1.118 1.01
loaded Zn-C2 1.126 1.13 0.121

Table 2. CO2 Capture Rate Kinetics with Catalyst ZnC1 and ZnC2 Concentrations in a 1M K2CO3 Solution

catalyst concentration (mmol) in 1 M
K2CO3 solution

capture rate with catalyst ZnC1
(10−3 mmol min−1) in 1 M K2CO3

enhancement
factor E

capture rate with catalyst ZnC2
(10−3 mmol min−1) in 1 M K2CO3

enhancement
factor E

0 mmol (baseline) 0.72 1.00 0.72 1.00
0.008 mmol 0.91 1.26 0.80 1.11
0.015 mmol 1.17 1.63 1.01 1.40
0.030 mmol 1.51 2.10 1.23 1.71
0.045 mmol 1.58 2.19 1.28 1.78
0.080 mmol 1.69 2.35 1.39 1.93
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calculated the enhancement factor as E = r/r0, where r is the
catalytic rate of the reaction and r0 is the uncatalyzed 1 M
K2CO3 rate (0 mmol catalyst) as the physical absorption
reference (r0 = 0.72 × 10−3 mmol min−1). E values range from
1.26 to 2.35 for ZnC1 and 1.11 to 1.93 for ZnC2 across
different catalyst loadings, demonstrating significant catalytic
enhancement with ZnC1 compared to ZnC2 (Table 2, Figure
S1 in Supporting Information). The Hatta number quantifies
the relative importance of chemical reaction versus diffusion in
the liquid film. We calculated it as

=
×k D

Ha
kL

obs CO2

where kobs represents the observed pseudo-first-order rate
constant we calculated from experimental absorption rates,
DCO2 = 1.6 × 10−9 m2/s represents the CO2 diffusivity in
carbonate solution at 25 °C, and kL represents the liquid-side
mass transfer coefficient. We estimated kL = 5 × 10−5 m/s for
our experimental system (an unstirred small reactor with gentle
gas sparging producing large bubbles) based on the literature
for similar laboratory-scale systems with minimal agita-
tion.77,83,84 Our calculated Ha values range from 1.45 to 2.22
for ZnC1 and 1.45 to 2.01 for ZnC2 across catalyst loadings
(Table 3 and Figures 5 and 6). These values place our system

firmly in the mixed kinetic/mass-transfer regime (0.3 < Ha <
3), where both chemical reaction and physical diffusion
contribute comparably to the overall absorption rate. The

plateau does not result from pure diffusion control (which
would require Ha > 3), nor does the system operate under
pure kinetic control (Ha < 0.3). Instead, both factors matter,
and the system progressively transitions toward more diffusion-
influenced conditions as Ha increases to 2.22 (the highest
ZnC1 loading).
Foaming Behavior of the ZnC1 and ZnC2 Catalysts
We examined the foaming behavior to understand the
influence of gas−bubble interaction on total mass transfer
and catalytic efficiency under continuous bubbling conditions
relevant to DAC systems.50,69,70,74 We tested both ZnC1 and
ZnC2 in 1 M K2CO3 solutions for 30 min with a controlled gas
flow rate of 0.5 L/min, measuring the foam height formed over
time. ZnC2 produced negligible foam, maintaining a stable
foam height below 0.5 cm, while ZnC1 generated slightly
higher levels (∼2.0 cm), potentially due to differences in ligand
geometry and solvation properties (Figure 7). Upon closer

inspection, it was clear that foaming in the case without a
catalyst and ZnC2 catalyst was solvent displacement due to gas
bubbling rather than real foaming. The differential foaming
behavior between ZnC1 and ZnC2 (∼2 cm vs negligible foam
height under identical conditions) is likely due to their
structural differences. Single-crystal structure and NMR
spectroscopy analyses reveal that the ZnC1 complex has an
extended planar geometry with an extended aromatic frame-
work compared to the ZnC2 complex. This structural
difference, combined with polar functional groups (Zn center
and tertiary amines), gives it a minor amphiphilic character,

Table 3. CO2 Capture Rate Kinetics and Two-Film Theory
Analysis with Catalyst ZnC1 and ZnC2 in 1 M K2CO3
Solution

catalyst
concentration

(mmol) in 1 M
K2CO3 solution

enhancement
factor E for

ZnC1

Hatta
number
(Ha) for
ZnC1

enhancement
factor E for

ZnC2

Hatta
number
(Ha) for
ZnC2

0 mmol (baseline) 1.00 1.00
0.008 mmol 1.26 1.63 1.11 1.53
0.015 mmol 1.63 1.85 1.40 1.71
0.030 mmol 2.10 2.10 1.71 1.90
0.045 mmol 2.19 2.15 1.78 1.93
0.080 mmol 2.35 2.22 1.93 2.01

Figure 5. Hatta number versus catalyst concentration showing mixed
regime operation. Both ZnC1 and ZnC2 operate in the mixed kinetic/
mass-transfer regime (0.3 < Ha < 3).

Figure 6. Correlation between CO2 capture rates and Hatta numbers
demonstrating mixed regime operation.

Figure 7. Foaming behaviors of ZnC1 and ZnC2.
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which may promote interfacial adsorption and foam stabiliza-
tion.

Our group previously demonstrated this behavior with
structurally similar zinc-based carbonic anhydrase mimics.85

These catalysts accumulate at gas−liquid interfaces, with
interfacial concentrations nearly 5-fold higher than in the bulk
solution despite minimal changes (<2%) in bulk surface
tension. Molecular simulation studies showed that hydro-
phobic aromatic groups orient toward the gas phase while
polar metal centers orient toward the liquid phase, driving this
surface accumulation. Importantly, the foaming observed with
ZnC1 remains within operationally acceptable limits and does
not compromise its superior catalytic performance.
Gas Flow Rate and Capture Efficiency
To evaluate the effect of gas flow rate on CO2 capture
performance,78 we conducted breakthrough experiments at
different flow rates, ranging from 0.1 to 0.5 L/min, with ZnC1
catalyst concentration (0.030 mmol) and sorbent composition
(1 M K2CO3). As expected, lower flow rates (corresponding to
a higher residence time) resulted in better capture efficiency,
with the capture rate increasing from 1.5 μmol/min at 0.5 L/
min to 4.1 μmol/min at 0.1 L/min (Figure 8). The higher

residence time at lower flow rates allows higher CO2−catalyst
interaction, thereby improving the overall DAC performance.
These findings highlight the critical relationship between the
reaction kinetics and the gas flow rate, indicating the necessity
for process modification to maximize catalytic efficiency. Also,
at a higher gas flow rate, foaming can be worsened, causing
liquid carryover and reducing CO2 absorption efficiency.
Stability of Catalysts
Long-term catalyst stability is a critical requirement for
economically viable DAC deployment.50 To evaluate the
stability of ZnC1 and ZnC2 under DAC conditions, we
conducted a 24 h continuous capture test in 1 M K2CO3
solution. No evidence of catalyst degradation or metal leaching
was detected, confirming the structural robustness and
chemical compatibility of both complexes in aqueous
carbonate media. Postreaction NMR spectra (Figures S20
and S21, Supporting Information) retained characteristic
ligand peaks, and UV−vis spectra (Figure S32, Supporting
Information) showed no changes in the characteristic ligand-
to-metal charge transfer bands (350−450 nm), indicating that

the coordination geometry and ligand framework remained
intact.

Thermal stability is another important factor for DAC
catalysts, particularly in extreme climates. DAC units deployed
in hot arid regions may encounter ambient temperatures of
45−50 °C, with solar heating raising internal temperatures to
70−80 °C or higher. To get consistent long-term performance
and to prevent catalyst deactivation or unwanted side
reactions, it is important to ensure that the catalyst stays
stable beyond the DAC operational levels. We carried out
thermal stability tests at 150 °C for 6 h in an oven for both
catalysts. The postheating capture test confirmed that both
catalysts retained more than 95% of their catalytic activity,
confirming exceptional thermal stability. UV−vis spectrum
(Figure S31, Supporting Information) and 1H NMR spectrum
(Figures S16−S19, Supporting Information) measurement
confirmed that the catalysts remained intact with no signs of
degradation.

Multicycle capture testing is critical for assessing practical
viability under continuous DAC operation. However, rigorous
cyclability studies require efficient catalyst separation and
recovery, which are challenging for these catalysts, where
material loss occurs during handling and separation. This
proof-of-concept study focuses on establishing the fundamental
catalytic activity, structure−activity relationships, and concen-
tration-dependent behavior of Zn-Schiff base complexes under
DAC conditions. We are currently developing heterogeneous
immobilized versions of these catalysts anchored on solid
supports, which will enable a comprehensive cyclability
assessment with straightforward separation and recovery.
Solvent Physical Property Impact from Catalysts

To evaluate the true catalytic performance, it is essential to
distinguish between genuine catalytic enhancement and that
arising through changes in the physical properties of the
solution.50 As the addition of metal complexes to carbonate
solutions can modify viscosity, density, and alkalinity, they in
turn influence gas−liquid mass transfer coefficients, bubble
formation, and interfacial area. Such changes in the physical
property can lead to rate enhancement, which is not
predictable with catalyst concentration and therefore does
not represent true catalysis. In contrast, genuine catalysts
accelerate the reaction directly without changing the solution
properties, ensuring a consistent performance. To confirm the
true catalytic enhancements, we compared the solution
alkalinity, viscosity, and density with and without the catalyst
(Table 4). We observed no significant changes with viscosity
variations below 2% and density changes under 0.5%, both
within experimental uncertainty. These negligible changes
confirm that the observed rate enhancements of 2.1-fold for

Figure 8. CO2 capture rate kinetics varying flow rate (L/min) with
the ZnC1 catalyst.

Table 4. Physical Properties of the Solvent in the Presence
of ZnC1 and ZnC2 Catalysts

sample
viscosity
(cP)

avg viscosity
(cP)

density
(g/mL)

1 M K2CO3 1.40 1.40 1.119
CO2 loaded 1 M K2CO3 1.41 1.41 1.123
fresh ZnC1 in 1 M K2CO3 1.4 1.39 1.118
CO2 loaded ZnC1
solution

1.42 1.42 1.125

fresh ZnC2 in 1 M K2CO3 1.37 1.37 1.118
CO2 loaded ZnC2
solution

1.4 1.39 1.126
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ZnC1 and 1.7-fold for ZnC2 arise from true catalytic
enhancement rather than from modifications in the solvent
physical properties.
Mechanistic Insights

Both zinc(II) complexes function via a carbonic anhydrase-
inspired mechanism,38−42,45−53,72,73 as illustrated in Scheme 2.
The zinc(II) center acts as a Lewis acid that activates water to
form a reactive zinc−OH group, which then acts as a
nucleophile and attacks CO2 to start the catalytic conversion
into bicarbonate.4,46,50,52,53 The catalytic cycle begins with
binding of water to the four-coordinate zinc(II) center,
forming a five-coordinate intermediate. In the basic carbonate
environment, this coordinated water undergoes deprotonation
to generate a reactive zinc−OH nucleophile that attacks the
electrophilic carbon of CO2. The resulting metal-bicarbonate
intermediate undergoes rapid protonation and dissociation to
release HCO3

− and regenerate the active catalyst.
The observed catalytic performance arises from a combina-

tion of the structural and electronic features of ZnC1 and
ZnC2. The tetradentate salen ligand enforces a planar
geometry that facilitates substrate access while mimicking the
coordination environment of natural carbonic anhydrase. The
phenolic oxygens of the salen ligand act as strong σ-donors,
while imine groups contribute to π-back bonding stabilization.
The superior activity of ZnC1 over ZnC2 suggests that the
resonance stabilization from unsubstituted phenyl rings in
ZnC1 dominates the electron-withdrawing effects of the
bromo substituent in ZnC2, likely due to enhanced π−π
overlap in the more planar framework. The morpholine-
functionalized secondary coordination sphere further enhances
catalytic efficiency.50 The morpholine moiety stabilizes
transition states and promotes a favorable substrate orientation
through hydrogen bonding. Its weakly basic nitrogen (pKa
∼8.4) can participate in proton relay, facilitating both water
deprotonation and bicarbonate release. The conformational
flexibility of the six-membered ring allows adaptive reorienta-
tion during catalysis, while its polar ether and amine
functionalities improve aqueous solubility and suppress
aggregation, preserving the effective catalyst concentration.
The role of tertiary amines is to facilitate CO2 uptake by
buffering the proton generated during bicarbonate formation,

but they do not accelerate the hydration step itself.38,39,54−56

Tertiary amines promote CO2 hydration through base-
catalyzed proton acceptance, showing first-order dependence
on the amine concentration. For industrial flue gas capture, this
requires 2.5−5.0 M tertiary amine as the amine functions
stoichiometrically as a proton acceptor.75,76 At our catalyst
concentration (0.03 mmol in 25 mL), the free morpholine
concentration (∼0.6 mmol) is ∼1000-fold lower than
industrial requirements, insufficient for meaningful base-
catalyzed hydration. The observed enhancement originates
from the Zn-OH active site, with morpholine serving a
secondary-sphere proton-relay role.

The observed enhancement is consistent with the Zn-OH
active site mechanism established for carbonic anhydrase
mimics, with tertiary amines potentially serving as secondary-
sphere proton-transfer groups.54−56 While we did not perform
direct mechanistic studies (e.g., 13CO2 labeling, kinetic isotope
effects) in this work, the proposed catalytic cycle is supported
by (1) the observed rate enhancement and pH profiles, (2)
literature precedent for Zn(II)-Schiff base CO2 hydration
catalysts,4,46,50,72,85 and (3) our recent computational DFT
studies mapping the reaction coordinate and identifying Zn-
HCO3

− as a stable intermediate.50 Direct spectroscopic
detection of intermediates via 13CO2 labeling and NMR
represents a valuable direction for future mechanistic
validation. The present catalyst study establishes the
fundamental structure−activity relationships and catalytic
mechanisms that guide the design of these next-generation
immobilized systems for practical large-scale deployment.

■ CONCLUSIONS
In summary, this work demonstrates that catalyst-assisted
direct air capture overcomes the intrinsic kinetic limitations of
carbonate-based CO2 absorption under DAC conditions
(∼430 ppm of CO2). Drawing inspiration from carbonic
anhydrase, we developed two biomimetic zinc(II) salen
complexes, ZnC1 and ZnC2, that promote efficient CO2
hydration under ambient DAC conditions. ZnC1, in particular,
achieves a 2.1× rate enhancement and improves the CO2
loading capacity at millimolar concentrations, highlighting the
impact of molecular design on DAC performance. The catalyst
design combines planar salen coordination for electron

Scheme 2. Plausible Mechanistic Pathway
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delocalization, Lewis-acidic Zn(II) center for water activation,
and morpholine-functionalized secondary spheres that facilitate
proton transfer through hydrogen bonding. The two-film
theory analysis reveals that the system operates in the mixed
kinetic/mass-transfer regime (1.45 < Ha < 2.22), where both
catalyst activity and physical diffusion contribute to the overall
performance. The planar geometry of ZnC1 provides higher
catalytic efficiency than the sterically distorted ZnC2. This
proof-of-concept study establishes Zn-Schiff base complexes as
effective biomimetic catalysts for accelerating the hydration of
CO2 under dilute atmospheric conditions. The structure−
activity insights provide design principles for next-generation
heterogeneous catalyst systems to enable comprehensive
cyclability, pH stability, and electrochemical regeneration
integration for practical large-scale DAC deployment.
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